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Nucleic Acids in Relation to Lissue Growth: A Review 


J. N. Davipson, M.D., D.Sc., ANb I. Lestir, B.Sc. 


(From the Biochemistry Department, University, Glasgow, W. 2, Scotland) 


The period that has elapsed since the review of 
this subject in 1944 (18) has brought an ever in- 
creasing flow of scientific papers dealing with nu- 
cleic acids and nucleoproteins, but, although the 
information available on this subject has increased 
abundantly, we are still unable to explain the pre- 
cise biological function of the nucleic acids. While 
it is clear that they play an important and prob- 
ably fundamental part in the processes of cellular 
growth and division and in the synthesis of pro- 
teins, their exact mode of action has not yet been 
satisfactorily explained. The general aspects of 
nucleoprotein biochemistry have been adequately 
reviewed elsewhere of recent years (9, 10, 26, 42), 
and an attempt will be made here to deal only with 
a few aspects which relate specifically to the prob- 
lem of growth. 

One of the most interesting recent develop- 
ments, of fundamental importance in itself but 
also with far-reaching implications, relates to the 
desoxyribonucleic acid (DNA) content of the in- 
dividual cell nucleus. In 1948 Boivin, Vendrely 
and Vendrely (3, 48) published figures for the 
DNA content of the individual cell nucleus of 
vertebrates, showing that for a given species the 
amount was constant for the somatic cells of differ- 
ent tissues and was approximately double that 
found in the haploid cells (spermatozoa). On the 
other hand, there might be considerable variation 
from species to species, fish and birds having in 
general a lower DNA content in the nucleus than 
mammals, which tended to give figures of the 
order of 5 to 6 X 10-* ug. per nucleus (51). The 
general conclusions reached by the Vendrelys 
were confirmed by Mirsky and Ris (34), who ex- 
amined a wide range of vertebrates with nuclear 
DNA contents ranging from 1.97 X 10-* ug. 
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(shad) to 15.0 & 10-° ug. (frog). Similar results 
have been obtained recently by other authors, 
whose results are summarized in Table 1. 

Since conventional genetic theory assumes that 
the chromosome complement is constant for all 
the somatic cells of a given species, the results for 
the chemical analyses of isolated cell nuclei are 
scarcely surprising provided we accept the view 
that DNA is an integral and constant component 
of the chromosomes in the resting state. Cytologi- 
cal opinion on this point differs, some authorities 
maintaining that a given chromosome may be 
starved of DNA or overloaded, according to cir- 
cumstances. However this may be, it is clear that 
the situation will be complicated in a tissue con- 
taining many dividing cells, since at some as yet - 
undetermined stage in the process of mitotic divi- 
sion, the DNA content of the cell must be doubled. 
A further complicating factor is the frequent oc- 
currence of various degrees of polyploidy in cer- 
tain tissues, and this may account for the surpris- 
ingly high values for the DNA content of the liver 
cell nucleus of the rat (15, 40), since tetraploid and 
octoploid nuclei are regularly found in the rodent 
liver (29). In the different tissues of th® plant 
Tradescantia, however, Schrader and Leuchten- 
berger (44) have found widely varying amounts of 
DNA which they attribute not so much to poly- 
ploidy as to the different degrees of polyteny which 
are present in the various tissues; but their con- 
clusions have been criticized by Mirsky (41). 

If the constancy of the DNA in the cell nucleus 
is in fact related to the chromosome content, it 
would be expected, as has indeed been found, that 
the sperm cells containing the haploid number of 
chromosomes would contain half the amount of 
DNA found in the somatic cells (Table 1). But it 
would also be expected that the egg would have 
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the same DNA content as the sperm. This view 
has been put to the test by Vendrely and Ven- 
drely (49), who found a very much larger amount 
of DNA in the eggs of Arbacia than in the sperm. 
This discrepancy has not yet been satisfactorily 
explained, but it is in agreement with the observa- 
tion of Schmidt, Hecht, and Thannhauser (43) 
that the DNA in Arbacia sperm is 3 per cent of 
that in the egg. 

It has already been noted (8) that fasting 
causes no change in the total DNA content of the 
rat liver, although ribonucleic acid (RNA) and 
phospholipid are considerably reduced; and it has 
now been demonstrated that, as might well be 
expected, the amount of DNA in isolated liver 


nuclei is the same in fasted as in fed animals (15), ) 
Similar observations on rats kept for long periods 
on a protein-free diet have been made by Mandel 
and Jacob and Mandel (31, 32) who found no 
change in the number of nuclei or in the total DNA 
content of the liver. 

It must be emphasized that the results shown 
in Table 1 have been obtained from small numbers 
of specimens (in some cases from single specimens) 
of each type of tissue. In an attempt to cover a 
wider range, Davidson, Leslie, and White (14) 
examined eighteen specimens of normal human 
bone marrow from sixteen individuals and found 
a mean value for the DNA phosphorus content 
of the nucleus of 8.54 K 107-7 ug. (1.e., approx. 


TABLE 1 
DESOXYRIBONUCLEIC ACID CONTENT OF SINGLE NUCLEI (ug. X 108) 
Species Liver Erythrocyte Kidney Thymus Pancreas Sperm Reference | 
Cattle 6.4 5.9 6.4 6.9 3, 48, 50 | 
- 6.2,8.4 6.3,6.8 ‘2 2.8 34 
Calf 6.5 41 
Pig 5.0 5.2 3, 48, 50 
Guinea pig 5.9 3, 48, 50 
Dog 5.0,5.5 5.3 50 
Man 9.8,5.9,6.3 50 
. 10.0 7.5 3.4, 4.4 (14 
Rabbit 7.2 15 | 
“ 5 3 50 
. 7-9 7-9 30 
Rat 10.1-14.0 40 
‘ 7-9 7-9 30 
. 9. 2-11 .2 15 
. 10.7 7.8 12 
Mouse 7-9 7-9 30 
. 6.0 5.0 50 
Horse 5.8 50 
Sheep 5.4, 6.1 50 
Frog 15.7 5.0 34, 41 
Green turtle 5.1 5.3 34. 
Fowl 2.4 2.3 1. 26 34, 41 
. 2.3 2.4 2.2 2.3 12 
18-day chick em- 2.4 12 
bryo* 
Duck 2.1 2 .$ 50 
Goose 1.9 51 
Turkey 1.9 51 
Pheasant 1.7 51 
Pigeon 2.0 51 
Sparrow 1.9 51 
Carp 2.8, 3.2 50, 51 
. 3.3 3.5 1.64 34, 41 
Shad 2.0 1.97 6.91 34, 41 
Trout 5.79 2.67 34 
” 4.8 51 
Roach 7.3 3.7 34 
Yellow tail 2.1 41 
Red hind 2.1 4] 
Houndfish 2.2 41 
Yellow grunt 1.2 41 
Dusky shark 5.5 4] 
Tench 1.8 51 
Eel 1.9 51 
Pike 1.7 51 


* Figures for the chick embryo (12) are as follows: 
14-day: Brain, 
Liver, 

18-day: Heart, 
Liver, 


Muscle, 





2.2 


2.3 
2.2 
2.4 
2.4 
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8.5 «x 10-§ ug. DNA) with a standard error of 
289. The observed range, however, was some- 
what wider (4.0-15.0) than might have been ex- 
pecied, even allowing for the unavoidable inaccu- 
racies involved in the method of cell counting which 
was employed; but values below 6 were very rare. 

Observations on the DNA content of individual 
tumor cell nuclei are few. Mark and Ris (33) found 
the same DNA content in hepatoma and in cholan- 
gioma as in normal rat liver nuclei; and Cunning- 
ham, Griffin, and Luck (7) found a constant value 
of 6 X 10-§ ug. DNA per nucleus in normal rat 
liver and in the livers of rats showing precancer- 
ous changes as the result of feeding acetylamino- 
fluorene or 3’-methyl-4-dimethylaminoazobenzene. 
Price et al. (40) found somewhat higher values 
(range 10-14 -X 10-® wg. per nucleus) in nuclei 
from normal rat liver and from the livers of ani- 
mals treated with aminoazo dyes. Moreover, in a 
comparison of bone marrow cells from normal hu- 
man subjects with those from patients with leu- 
kemia, no significant difference was found be- 
tween the mean values of the DNA content in the 
normal and leukemic series (14), although the 
DNA content of the marrow cell nuclei was signifi- 
cantly raised in cases of pernicious anemia. 

On the other hand, Klein, Kurnick, and Klein 
(30) found that mouse ascites tumor cells had a 
DNA content (20 X 10-° ug. per nucleus) which 
was much higher than that for normal mouse liver 
and kidney cells, while Davidson and McIndoe 
(15) have found a higher value (5.1 XK 10-® ug. 
DNA) in GRCH 15 tumor' cell nuclei than in nor- 
mal fowl nuclei. 

In relation to the constancy in the amount of 
DNA in the cell nucleus, it is interesting to note 
that recent work with isotopes has emphasized 
the stability of this material. Davidson and Ray- 
mond (16) administered labeled ammonium salts 
to rats and pigeons and found little or no incorpo- 
ration of N® into the DNA fraction of the liver 
tissue, but their experiments were carried out 
with very low concentrations of the isotope. More 
recently, Furst, Roll, and Brown (20) have con- 
firmed these results, working on a much larger 
scale, and have shown that isotope-labeled dietary 
adenine is rapidly incorporated into the purines 
of the RNA of rat liver, whereas its incorporation 
into the purines of the DNA fraction is only about 
1 per cent as extensive, and they consider it prob- 
able that all the isotope incorporated into the 
DNA is introduced in the process of formation of 


' The GRCH 15 tumor is a nonfiltrable fowl sarcoma first 
produced by Dr. P. R. Peacock of the Glasgow Royal Cancer 
Hospital in 1939 by 1:2:5:6-dibenzanthracene and maintained 
since by serial transplantation. 


new nuclei. DNA may thus be an exception to the 
general concept of a rapid dynamic equilibrium of 
body constituents, and its skeleton may not be at 
all in dynamic equilibrium with the other constitu- 
ents of the cells. Experiments with P® (4, 8, 16, 25) 
have also demonstrated that the turnover of RNA 
is much greater than that of DNA, although the 
inert nature of DNA is less evident with P® than 
with N®; but with both isotopes it can be shown 
that the turnover of DNA is very greatly increased 
when mitotic division is induced after partial 
hepatectomy (4, 16, 20). 

If this hypothesis of the constancy of DNA in 
the cell nucleus is in fact correct, the implications 
are indeed far-reaching, for we have here a chemi- 
cal unit which can be used in two ways, either as 
a measure of cell multiplication or as a unit of 
reference by which the changing composition of 
the cell may be expressed during the processes of 
growth, differentiation, and regeneration (11). 

It is clear that, if the DNA content of the cell 
nucleus is constant, an estimation of the amount 
of DNA in a sample of tissue will enable us at once 
to calculate the number of cells present, and it 
will provide us with an index for following the 
process of growth. The application of this principle 
can be conveniently illustrated by a consideration 
of the growth of explanted tissues in vitro. The esti- 
mation of the growth of cells in tissue culture is a 
matter of some difficulty which is complicated by 
the different interpretations which various authors 
have put upon the word “‘growth,” and these prob- 
lems have been reviewed by Cunningham and 
Kirk (6). We ourselves have adopted the sug- 
gestion made by Willmer (52) that the growth of 
a culture might be measured by the increase in its 
nucleoprotein content as determined chemically 
(17, 19), and we have extended it to the estimation 
of ribonucleic acid phosphorus (RNA P) and 
desoxyribonucleic acid phosphorus (DNA P) 
separately (13). Our experiments along these lines 
with chick embryo heart explants had convinced 
us that in the early stages of growth the RNA P 
rose more sharply than the DNA P (an observa- 
tion which has since been confirmed by Signorotti, 
Hull, and Kirk [27, 45]) and that real growth could 
not be said to have occurred without a rise in 
DNA P. If we assume that the DNA P content of 
the fowl cell nucleus lies between 2.3 and 2.6 X | 
10-7 wg. (12)—the actual figure is immaterial to | 
the argument—1t is possible to convert the DNA P 
content of the cultures into a figure for the number 
of cells present. 

The second aspect of this problem concerns the 
use of DNA as a unit of reference by which we 
may reveal the changing composition of cells in 
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which the relative proportions of the different con- 
stituents are continually varying. The value of 
this principle may be illustrated by referring 
again to cultures of fresh explants of chick heart 
embryo tn vitro in which the changing amounts 
of protein nitrogen, acid-soluble phosphorus, lipid 
phosphorus, and RNA P have been referred to 
the DNA P content. In Figure 1 it is possible to 
compare the changes in cell composition which 
correspond to each stage of cell multiplication in 
chick heart explants cultured in vitro. The cell 
number, which has been calculated on the basis 
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Fic. 1.—Changes in cell number and cell composition of 
chick heart explants growing in ritro. Results have been calcu- 
lated on the basis that the fowl nucleus contains 2.35 X 107~7yg. 
DNA P. Embryo extract and serum medium (EES) replaced 
every 24 hours throughout growth. ASP=acid-soluble phos- 
phorus (no result at 240 hours); PN=protein nitrogen; 
RNA P=ribonucleic acid phosphorus; DNA P=desoxyribo- 
nucleic acid phosphorus. 


that the DNA P content of fowl nuclei is 2.35 X 
10-7 ywg., increases most rapidly between 48 and 
144 hours, nearly doubling in each 48-hour inter- 
val. The initial cell composition, measured after 
the explants have been in contact with diluted 
fowl serum for 24 hours, shows, on the average, 
2-3 times as much protein and phospholipid per 
cell as the culture cells at the end of 144 hours’ 
growth. (Throughout the run the growth-promot- 
ing medium was renewed every 24 hours.) The 
decrease in the content of two major constituents 
of the cell suggests that a decrease in average cell 
size must also occur. This view finds confirmation 
in a detailed study of the growth of chick heart 
explants carried out by Tompkins, Cunningham, 
and Kirk (47). These authors were able to show 
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from measurements of cell cross-sectional area 
that the average mass per cell in the peripheral re- 
gion was 2-4 times that of cells in the interior of 
the explant; and that, when mitotic activity in 
the peripheral region declined after 72 hours, the 
average cell mass in that region also declined. It 
seems likely, therefore, that the high protein and 
phospholipid content of the cells in the early stage 
of growth is a reflection of the increase in cell size 
prior to rapid cell multiplication. It is also clear 
from these results that a high cell division rate js 
accompanied by a peak in the content of acid- 
soluble phosphorus and RNA P in the cells. (After 
144 hours the explants continue to grow slowly 
and remain fairly constant in composition.) 

In biochemical studies on embryonic growth, 
the changing cell composition can be followed in 
the same way, thus avoiding the serious difficulties 
in interpretation which arise when results are ex- 
pressed as concentrations of fresh or dry weights. 
By relating the various components to a unit of 
DNA phosphorus, we have been able to show, for 
example, that the protein content of the cells of 
chick embryonic brain, liver, and skeletal muscle 
increases steeply over certain stages of develop- 
ment (11). Confirmation of these results for chick 
embryonic brain can be obtained from the work 
of Bieth, Mandel, and Stoll (1, 2). Where these au- 
thors record a tenfold increase in the content of 
protein per brain (1), calculation of the protein per 
cell on the basis of the DNA content shows only 
a fourfold increase over the same embryonic peri- 
od. The results recorded in this paper confirm the 
striking increase in the phospholipid content of the 
brain cells, which we have found to be a characteris- 
tic of that tissue during embryonic growth of the 
chick (12). 

Where other authors have expressed their re- 
sults in relation to the DNA P content of the tis- 
sue, it is possible to make similar interpretations. 
For example, the nearly threefold increase in the 
ratio of RNA P/DNA P, which Geschwind and Li 
(21) found in rat liver during fetal development 
and early growth, can be interpreted as an increase 
in the RNA P content of the liver cells. Their fig- 
ures show that during the same time the concen- 
tration of RNA P in the liver as a whole dropped 
by one-half. Novikoff and Potter (38) in their 
study of nucleic acids in the developing chick em- 
bryo based their interpretations on the fact that 
the concentrations of both RNA and DNA reach 
a peak on the fifteenth day of development. How- 
ever, if the relative amounts of RNA per cell are 
obtained from the ratio RNA/DNA, the average 
RNA content of the cells appears to rise to a 
maximum on about the eleventh day. Any inter- 
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pretation is difficult in such a complex system of 
development as the whole embryo, but one based 
on the ratio RNA/DNA has the advantage of 
being independent of the changing proportions of 
water and other constituents in the embryonic 
tissues. 

So far, we have been discussing chemical 
changes recorded during embryonic growth as 
events occurring during definite phases of de- 
velopment. However, relating them in this way to 
embryonic age tends to hide the fundamental 
chemical relationships which must exist between 
the various constituents of dividing cells. As a 
means of showing how increases in one cell con- 
stituent are quantitatively related to increases 
in others, we (11) have made use of the simple 
allometric relationship y = ba* originally applied 
by Huxley (28) to morphological development, 
and by Teissier (46) and Needham (36, 37) to bio- 
chemical development. In these earlier biochemi- 
cal studies, the growth rate of a component was 
measured in relation to the growth rate of the 
whole organism or tissue, expressed in terms of wet 
or dry weight. The weakness of this method lies in 
the fact that proportions of other cell constituents 
are constantly changing during growth and that 
the component being investigated is itself one of 
the variables which determines the total weight. 
If, instead, the components are related on the 
double logarithmic grid to the DNA of the tissue, 
we can compare their rates of accumulation in re- 
lation to one another and to the increasing cell 
number as expressed in the amounts of DNA. 

Recent results (12) showing the relative growth 
rates of various cell constituents in embryonic 
chick brain, heart, and liver, reveal that the ac- 
cumulation of lipid phosphorus, RNA P, and pro- 
tein nitrogen follows a similar pattern in all three 
tissues. In brain, however, the relative growth 
rate of phospholipid does not correspond so closely 
to the other growth ratios, but is consistently 
higher in both phases of development as can be 
seen in the accompanying graph (Fig. 2). As- 
suming that the DNA P content of brain nuclei 
remains constant throughout embryonic develop- 
ment, as we have found to be the case for 14- and 
19-day-old embryos (12), the cells must be rapidly 
increasing in content and size in the first phase, 
while in the second the phospholipid continues to 
increase at a greater rate than the other com- 
ponents. If one compares the increases in DNA P 
per organ in brain, heart, and liver, it appears that 
there is only a fourfold increase in the number of 
brain cells during the period in which heart and 
liver cells multiply 30 and 40 times, respectively. 
It is clear from these results alone that increase in 
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cell size is making a larger contribution to growth 
in brain than is the case in heart and liver. The 
changes in the relative growth rates of all four 
components in brain occur at a point on the 
DNA P scale reached about the fourteenth to 
fifteenth day of development. This is also true of 
the liver, and it confirms earlier observations of a 
critical phase in embryonic development at this 
stage (35). 
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Fic. 2.—Growth rates of constituents of chick embryo 
brain relative to that of DNA P. The lines were obtained by 
plotting results on large-scale graphs, and the points as actual- 
ly determined are not shown in this figure. ASP, PN, RNA P, 
and DNA P as in Figure 1. 


Greenstein (22) has stressed the fact that all 
cancerous tissues show a strong resemblance to 
one another in their chemical pattern, and that 
the more autonomous they are “the more do they 
deviate from the chemical pattern of their tissues 
of origin, and the closer do they approach an ap- 
parently functionally undifferentiated type of tis- 
sue presumably common to all.” Consequently, 
it is particularly important to have some knowl- 
edge of the chemical events which occur during the 
transformation of normal into neoplastic tissues 
and so bring about this convergence of chemical 
type. A number of interesting studies along these 
lines have been in progress for some time, and, 
where these include determinations of DNA which 
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can be related to amounts of other cell constitu- 
ents, it is possible to see how changes based on 
concentrations differ from these expressed as 
ratios to this nuclear constituent. 

Grifin, Nye, Noda, and Luck (24), recording 
the percentage composition of rat liver tissue from 
animals fed 3’-methyl-4-dimethylaminoazoben- 
zene, showed that the nitrogen and RNA concen- 
trations fell but slightly during hepatoma develop- 
ment, while the DNA concentration increased 
steadily and the riboflavin concentration de- 
creased to about half its original value. Similar 
findings are recorded by Price, Miller, Miller, and 
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Weber (39), who compared the effects of azo dyes 
of different carcinogenic potency on the composi- 
tion of fractions of rat liver tissue obtained by dif- 
ferential centrifugation, and found little change in 
the protein concentration of the whole tissue with 
increasing carcinogenicity, although the levels of 
protein, RNA, and DNA were greatly increased 
in the nuclear fraction. At the same time the most 
active carcinogen lowered the levels of protein, 
RNA, and riboflavin in the large and small gran- 
ule fractions to nearly those levels found in liver 
tumors. 
A rather different picture emerges if we accept 


TABLE 2 
EFFECT OF 3’-METHYL-4-DIMETHYLAMINOAZOBENZENE ON THE COMPOSITION OF RAT LIVERS* 


CONTROL 

BASAL 

DIET 
Nitrogen 9.48 
Nonprotein nitrogen ()..68 
Phosphorus 1.05 
Nonprotein phosphorus 0.30 
Ribonucleoprotein as ribose 0.56 
Riboflavin (ug.) 9.3 


* Calculated from data of Griffin, Nve, Noda, and Luck (24). 


WEEKS FOR WHICH DIET CONTAINING 


3S 


6 . 24 
0.46 
0.80 


0.31 
2.0 


TABLE 3 
EFFECT OF AMINOAZO DYES ON THE COMPOSITION OF RAT LIVER FRACTIONS OBTAINED 


BY DIFFERENTIAL CENTRIFUGATION OF HOMOGENATES* 


CONTROL 


DYE WAS FED 


+ 


mg. per milligram DNA 


0.61 
0.48 
0.72 
0.24 
0.33 
4.0 


6 


3.10 
0.42 
0.63 
0.22 
0.29 
2.8 


HeEpa- 
TOMAS 
8 
4.88 2.70 
0.46 
0.65 0.36 
0.21 
0.25 0.18 
2.5 


WITHOUT DYE AB 4’-Me-DAB DAB 3’-Me~-DAB 
mg. per milligram DNA 
Protein in: 
whole liver homogenate 65.5 66.5 61.0 48 .6 25.65 
nuclear fraction 8.3 6.67 8.1 7.75 8.1 
large cytoplasmic granules 21.5 21.4 19.4 12.54 3.88 
small cytoplasmic granules 9.1 10.19 9.45 6.34 2.88 
supernatant fluid 25 3 25 .20 23.5 19.6 10.00 
Ribonucleic acid in: 
whole liver homogenate 2.9% 2.67 2.31 2.15 1.12 
nuclear fraction 0. 24 0.23 0.19 0.16 ().29 
large cytoplasmic granules 0.95 0.84 0.74 0.54 0.17 
small cytoplasmic granules 0.96 0.86 0.71 0.46 0.23 
supernatant fluid 0.66 0.69 0.58 0.52 0.36 
Riboflavin (ug.) whole homogenate 5.3 §.§ 6.1 3.1 1.4 
nuclear fraction 0.32 0.43 0.60 0.32 (0.42 
AB = 4-aminoazobenzene (non-carcinogenic) 
4’-Me-DAB = 4’-methyl-4-dimethylaminoazobenzene (weakly carcinogenic) 
DAB = 4-dimethylaminoazobenzene (moderately strongly carcinogenic) 
3’-Me-DAB = 3’-methyl-4-dimethylaminoazobenzene (strongly carcinogenic) 
* Calculated from the mean values of the figures given by Price, Miller, Miller, and Weber (39). 
TABLE 4 
EFFECT OF 2-ACETYLAMINOFLUORENE ON THE COMPOSITION OF RAT LIVERS* an ceili 
. + 4-W EEK 
CONTROL WEEKS FOR WHICH DIET CONTAINING CARCINOGEN WAS FED neeat, went 
BASAL DIET 2 + 6 14 20 24 7 Tumor 
mg. per milligram DNA 
Nitrogen 9.3 9.9 8.0 7.3 9.7 11.8 10.1 8.4 6.2 
Phosphorus 1.1 1.3 0.9 0.9 1.1 1.4 1.3 1.1 0.7 
RNA as ribose 0.51 0.54 0.32 0.37 0.41 0.60 0.44 0.63 0.38 
Riboflavin (ug.) 9.3 6.6 6.8 7.5 5.6 1.0 


* Calculated from data of Griffin, Cook, and Cunningham (23). 
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the conclusions of various authors (7, 33, 40) that 
the DNA content of the rat liver cell nucleus is 
unchanged during carcinogenesis, for we may then 
calculate the change in cell composition in relation 
to the unchanging DNA (Tables 2, 3, and 4). 
Table 2 shows that during carcinogenesis a steady 
but very pronounced fall in the protein content of 
the cell occurs, accompanied by a corresponding 
but less marked decrease in RNA and riboflavin. 
The fall in the protein content, which is confirmed 
in Table 3, affects mainly the large cytoplasmic 
granules, although the small granules and non- 
granular cytoplasmic material are also involved. 
On the other hand, the protein content of the nu- 
cleus shows very little change. It also appears that 
the RNA and riboflavin decrease in the cell but 
not in the nucleus. In this way, it becomes clear 
that, in rat liver tissue at least, carcinogenesis 
affects chiefly the cytoplasm and is accompanied 
by a dramatic fall in its protein content, especially 
in the large granules. 

These results have been confined to the effect 
of one type of carcinogen on rat liver. Griffin, 
Cook, and Cunningham (23), however, have com- 
pared the chemical changes during the induction 
of rat liver tumors by acetylaminofluorene with 
those produced by 3’-methyl-4-dimethylaminoazo- 
benzene, and have come to the conclusion that the 
that the mode of action of these two carcinogens 
is different. The interpretation of their findings is 
not substantially changed when their results are 
related to a unit of DNA (Table 4), but results ex- 
pressed in this way can be correlated with histo- 
logical observations (5) in that the average nitro- 
gen and RNA content per cell rise during the time 
when the cytoplasmic volume within the cells of 
the resulting liver nodules is distinctly greater 
than normal. The final effect of both carcinogens 
is similar, for the liver tumors produced in each 
case have lower contents of nitrogen, RNA, and 
riboflavin per cell than are found in the normal 
liver or in the liver in which the tumor has de- 
veloped. Our only observation on a human tumor 
at present shows that in a myoblastoma the cells 
contain one-sixth of the amount of protein found 
in the cells of the nearby muscle. If this lowered 
protein content of the cells is a typical and per- 
sisting feature of tumor tissue, as seems likely, it 
provides an interesting contrast to our earlier sug- 
gestion (11) that normal embryonic growth and 
differentiation is characterized by an increasing 
protein content of the dividing cells. 
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Isolation of Fungi from Transplanted, Chemically Induced 
and Spontaneous Iumors 


I. General Considerations" 
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The microscopic study of a variety of tumors, 
by means of cytological technics not ordinarily ap- 
plied to such tissue (19), has led to the observation 
of spores and other fungal structures in all types of 
neoplasms examined. These structures were noted 
initially in the debris of tumors degenerating in 
response to chemotherapeutic agents; later, by 
means of special stains, they were studied in the 
intact tissue and found to be intracellular or even 
intranuclear. Attempts to isolate the organisms 
from tissue were successful in so many types of 
neoplasm, including human tumors and _ spon- 
taneous tumors of the mouse, that we have become 
convinced that they must play some significant 
role—even if only a secondary one; and studies 
were undertaken in the hope of elucidating these 
relationships. The present paper deals with our 
general observations; the study cf specific tumors 
will be reported later. 





MATERIALS AND METHODS 


Conidia and other plant cells were demon- 
strated in tissue by means of smears and paraffin 
sections subjected to a variety of cytological tech- 
nics. Among these were: acetic orcein (18), Benda- 
Kull (48), Robinow (37), Protargol (32), Papani- 
colaou (33), Chlorazol Black E. (13), and also 
such well known technics as Flemming’s tri-color 
following Flemming fixation, the Feulgen reac- 
tion, iron-hematoxylin (particularly in sections), 
and the Pianese technic for demonstration of 
fungus in tissue. Dry tissue imprints of blcod- 
forming organs and of tumors were stained with 
Giemsa, May-Griinwald, and Robinow. Fixatives 
containing osmic acid were the most favorable for 
differentiating fungal elements, and Protargol was 
particularly good for the demonstration of delicate 
membranes and other characteristics of spores in- 
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side the host cells. The pre-hydrolysis employed in 
the Robinow technic produced extremely clear 
pictures of vegetative growths in situ (Figs. 1, 2) 
when used with smear preparations. Only dis- 
sociated fungal parts were revealed when the 
other technics were applied to smears. Sections 
were less useful than smears in these examinations 
except for the study of dissociated cells, since the 
patterns of the complex plant structures were diff- 
cult to reconstruct. This might explain why they 
have not been more commonly observed. 

Tumors from animals previously immersed in 
an 1odine-alcohol solution were dissected inside a 
Plexiglas transfer chamber. The tissues were 
streaked on Petri plates of Sabouraud’s agar (4 
per cent glucose, 3 per cent peptone, and 2 per 
cent bacto-agar, adjusted to pH 5.5). Uninocu- 
lated control plates exposed to the air of the trans- 
fer chamber were incubated with every series of 
tests as an aid in detecting the presence of possible 
air-borne contaminants (usually Penicillium and 
Aspergillus.) Syncephalastrum and other forms 
which were recovered regularly from tumor tissue 
have never been found on the control plates. 
Sabouraud’s agar is not favorable for bacterial 
growth, and we but rarely found bacterial forms 
among tissue isolates and never in the controls. 
Littman’s ox-gall agar (28) has also been used 
with considerable success in primary isolations, 
although the fungi produce aerial mycelium more 
slowly on Littman’s than on Sabouraud’s. Adjust- 
ment of pH is not required with this medium. 
Early growth is colonial, which facilitates separa- 
tion if more than one organism appears on the plate. 

Initially, the cultures were incubated at ap- 
proximately the body temperature of mice 
(37° C.). Later, it was observed that fungi were 
more readily isolated from tissue when the incu- 
bation temperature was slightly lower (room tem- 
perature to 33°C.), although the cultures, once 
isolated, could be transferred to slants, where they 
grew abundantly at 37° C. 
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Fic. 
fungus 
x 900. 

Fig. 2.—Robinow smear of a methylcholanthrene- 
induced fibrosarcoma (C3H_ strain mice) similar to 
Fig. 1. X 900. . 


1.—Robinow smear of Sarcoma 37, showing 
mycelium, interspersed between tumor cells. 


Fic. 3.—Paraffin section, stained with hemalum 
and eosin, of a growth induced in the leg muscle of a 
C3H mouse by injection of a suspension of Alternaria 
spores. X 900. 

Fig. 4.—Robinow stained dry tissue imprint of 
Sarcoma 37 cell showing bodies that have penetrated 
into, or have been engulfed by, the cytoplasm. & 900. 



































DILLER AND FISHER 


‘The materials tested were transplantable mouse 
sarcomas 37 and 180, a transplantable carcinoma 
originating in our own Institute, transplantable 
leukemia, tumors induced in A and C3H. strain 
mice by subcutaneous injections of methylehol- 
spontaneous mammary carcinomas 
from C3H mice, and spontaneous lymphatic leu- 
kemia from MacDowell’s C-58 stock. Normal 
tissues (heart, kidney, lungs, intestinal wall, 
stomach, liver, ovary and testis, mammary tissue, 
lymph nodes, spleen, blood, and thymus) of the 
host mice were also tested for the presence of 
fungus, both before and after the animals became 
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RESULTS 
ISOLATIONS 


‘Table 1 shows the types of microérganisms iso- 
lated from the different tumors and the results of 
culturing normal tissue controls. Occasionally, 
common laboratory contaminants such as Asper- 
gillue niger and species of Penicillium were ob- 
tain d from fibrosarcomas induced by carcinogens. 
It seems entirely possible that these forms were 
contaminants acquired through the ulceration so 
common in early stages of induction of chemically 
produced tumors. 


TABLE 1 
ISOLATION OF FUNGI 


TUMOR TISSUE 


NORMAL TISSUES OF HOST 


Typr or No. of No. of 
TuMoR TUMOR Host Fungus isolated — positives Organ Fungus isolated positives 
S-37 Trans. CEW Syncephalastrum — 138 Intestine Aspergillus 5 
Imperfect 
5-180 Trans. CW Syncephalastrum 14 Intestine Aspergillus t 
Imperfect Yeasts 2 
Mammary ca. Spont. C3H Syncephalastrum 43 Intestine Syncephalastrum (5 
Alternaria Stomach . | 
Ovary Alternaria 
Mammary tissue . $3 
Thymus Syncephalastrum | 
MC-I rhabdomyo- Chem.-induced C3H Alternaria 3 
sarcoma 
MC-le fibrosar- Chem.-induced C3H Alternaria Is 
coma 
MC-lb fibrosar- Chem.-induced C3H Alternaria I 
coma Imperfect (Geo- I 
trichum) 
Fibrosarcoma Chem.-induced ‘A’ strain Imperfect (un- 6 Intestine Penicillium 
identified) 
Leukemia Spont. C-58 Yeastlike 22 Intestine Penicillium 2 
Stomach 7 2 
Blood Yeastlike 5 
Liver mes 4 
Thymus ’ | 
Spleen . 1] 
Leukemia Trans. AKm Yeastlike 37 Intestine Aspergillus 2 
Blood Yeastlike continually 
Liver ” " 
Spleen . . 


tumor-bearing. Human tumor tissue (mammary 
‘arcinoma, lymph nodes of Hodgkin’s disease, 
fibro- and lymphosarcomas), taken in sterile Petri 
dishes directly from the operating room following 
biopsy or surgery, were also cultured. Normal 
tissues from human hosts were not tested. Care 
was taken to choose spontaneous lesions that had 
not been open to the surface, and, in the case of 
transplantable tumors, to use young (7 days or 
younger) non-necrotic implants. 

Fungus cultures from the agar plates were 
studied in cotton blue preparations, and identi- 
fications were made by means of this technic as 
well as by direct observation in the phase and 
light microscopes. Samples of each tissue to be 
tested were also prepared for microscopic exam- 
ination by more permanent methods. 





Normal tissue controls—None of the normal 
hody tissues, except the intestine of Swiss mice 
used for the implantation of Sarcoma 37 and 
Sarcoma 180, produced any fungi on Sabouraud’s 
agar, either before or after the implantation of the 
tumors. The intestinal forms were usually species 
of Aspergillus and could be found in unimplanted 
as well as implanted mice, although never in the 
tumor. Syncephalastrum, always present in Sar- 
coma 37, was never recovered from intestinal or 
any other tissue of Carworth Farms mice. Ap- 
parently no infection of the normal tissue from 
the tumors occurred during the period of survival 
of the host after implantation. 

Microscopic preparations made by the Benda- 
Kull method showed occasional spores lodged in 
the tissue of the intestinal wall of nursling C3H 





mice, but no other tissues of these young mice 
showed spores, nor did they yield fungus of any 
kind when cultured. The intestine from 6-week-old 
mice was still the only source of fungus. After the 
first pregnancy, fungus could be cultured from 
mammary tissue, as well as from the intestine, 
even though the mouse was not yet tumor-bear- 
ing. The same fungus was once or twice derived 
from ovarian tissues in old age, after tumors had 
appeared; but at no time were we able to isolate 
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Figs. 5 and 6.—Primary Petri dish isolations showing that 
the fungus is growing up through the smeared tissue and not 
as peripheral contaminants. 

Fic. 5.—Tissue of positively diagnosed Hodgkins’ nodes 
streaked on Sabouraud’s agar. Minute white patches mark 
areas where fungus is begirnirg to put up aerial filamerts (2 
weeks after tissue was plated). 


fungus of any kind from the blood of C3H mice, 
and only once from the thymus. The remainder of 
the blood-forming organs and other body tissues 
yielded no fungus when streaked on Sabouraud’s 
agar. Alternaria was found only in the tumor and 
in no mouse stock other than C3H. 

Mouse tumors—vTwo hundred and _ sixty-six 
Petri plate isolations of mouse tumors have been 
studied, with appropriate controls. All the spon- 
taneous and chemically induced tumors and all 
but a few of the untreated transplanted tumors 
have yielded fungus. Mycelium is not always pro- 
duced, but small glistening colonies usually can be 
detected microscopically in the tissues streaked on 
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agar (Fig. 5), even in the absence of aerial fila- 
ments. The possibility that the organisms isolated 
on culture plates might be extrinsic contaminants is 
considerably decreased by such observations, since 
it is clear that the organisms are confined to the 
tumor tissue and do not appear on the surround- 
ing medium. 

In the case of mouse leukemias, all tissues (with 
the exception of the heart) tested from obviously 
moribund C-58 leukemic mice yielded a yeastlike 
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Kia. 6.—Yeastlike fungus colonies growing on Littman’s 
ox-gall agar from which the original streak of blood cells has 
disappeared completely (10 days at room temperature). This 
is a primary isolate from leukemic blood of C-58 mice. 


growth that formed smooth, white, moist colonies 
(Fig. 6) on Sabouraud’s agar and reluctantly pro- 
duced aerial mycelium in cultures of lung, blood, 
and intestine. These grew so slowly that the agar 
became dry and cracked. When transferred to 
slants, they showed a tendency to revert to yeast- 
like forms. Microscopic examination of living un- 
stained cultures showed that these are also very 
similar to the Fungi Imperfecti isolated from other 
mouse tumors. In most cases genera are still un- 
determined, but apparently they are all closely re- 
lated. Similar yeastlike forms that produced a 
delicate nonsporulating mycelium have also been 
obtained from the lymph nodes, liver, spleen, and 
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kidney of AKm mice transplanted with leukemic 
spleen (courtesy of Dr. Burechenal of the Sloan- 
Kettering Institute). 

Human tumors.—Our observations on human 
neoplasms are fragmentary and limited to random 
samples of specimens obtained from the biopsies of 
patients undergoing chemotherapy. This was fur- 
ther restricted by the necessity of using only 
tumors that were not obviously infected or super- 
ficially eroded. The most abundant materials 
available were mammary carcinoma, swollen 
nodes from positively diagnosed Hodgkin’s pa- 
tients, lymphosarcoma, and one fibrosarcoma. A 
suspected Hodgkin’s node, tentatively diagnosed 
as a pyogenic granuloma, was also tested. The 
fungi isolated from human tumors were all of the 
group of Fungi Imperfecti (nonsporulating). 
Microscopic study of human mammary carcino- 
mas and of several types of sarcoma suggests that 
they are allied to the Blastomycetes (Figs. 7-10). 

From the granulomatous nodes and from several 
positively diagnosed Hodgkin’s nodes, nonsporu- 
lating growths with abundant glistening white 
mycelium were obtained. The cultures turned a 
delicate pink after a few days’ culture because of 
the production of numerous red droplets. Evidence 
of sporulation has been found in one or two of the 
specimens after numerous transfers, and these 
are now being grown on other media, in the hope 
of stimulating formation of identifiable spore 
structures. 

All types of human neoplasms thus far tested 
have produced fungus growth when streaked on 
agar. Furthermore, spore forms are microscopical- 
ly demonstrable in many types of human tumor 
that we have not yet tried to culture. Bacterially 
infected specimens, or specimens that had recently 
been subjected to some form of physical or 
chemical therapy, were usually negative. Prelimi- 
nary indications are that, in biopsy material taken 
a few days after treatment with’ bacterial poly- 
saccharide, fungal growth in culture is suppressed 
or much delayed. We are currently performing a 
series of experiments in mice, aimed at testing this 
further. 


PATHOGENICITY OF ORGANISMS OBTAINED FROM TUMORS 


Spore suspensions of both Syncephalastrum and 
Alternaria, when freshly isolated from tumor 
tissue and injected either intraperitoneally or in- 
tramuscuarly into our albino or C3H mice, were 
pathogenic. Animals thus injected died within 4 
days, without exception. All normal tissues from 
these mice, cultured post mortem on Sabouraud’s 
agar, yielded abundant colonies of fungus. There 
was a marked shrinkage of the spleen in each case. 
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Virulence was reduced when the organisms were 
subcultured for several generations. Suspensions 
of spores from subcultures injected into mice pro- 
duced firm lumps of tissue (granulomas?) but no 
deaths. Figure 3 shows partially disintegrated 
sporangia and spore cells (at tips of arrows) grow- 
ing in the lesions thus produced. 


Microscopic OBSERVATIONS 


The tissues of tumors from which fungi were 
isolated were prepared for microscopic study by 
means of one or more of the technics mentioned 
above. In the control tumors, sectioned in paraf- 
fin and stained with hemalum and eosin, there 
were always found, scattered throughout the 
tissue, small round or oval cells that resembled 
small lymphocytes. These were never observed to 
divide mitotically, but in acetic orcein smears of 
Sarcoma 37 it was noted that seme of them ap- 
peared to be subdividing within a membrane: and 
they were also recognized in 7-day implants 
stained with hemalum and counterstained with 
fast green. Moreover, the structure that had been 
mistaken for a nucleus surrounded by a very 
minute bit of cytoplasm was found to be an entire 
cell with a double-contoured or thickened wall. In 
addition, there were present smaller round bedies 
with deeply staining rims, each containing cen- 
trally located, endosome-like concentrations. These 
either became invasive or were phagocytized and 
were found in the cytosome (Fig. 4), or occasion- 
ally in the nucleus, of the tumor cells. In Benda- 
Kull preparations of smears of Sarcoma 37, deli- 
cate hyphal filaments were shown to run frcm one 
cell to another, sometimes penetrating into the cell 
and attaching to the nucleus, which then became 
distorted and at times was withdrawn completely 
from the cell body. Such enucleated cells are found 
frequently in areas of the tumor usually described 
as degenerating by “spontaneous necrcsis.”’ 


DISCUSSION 


No references to the demonstration of mycelium 
in tissue cultures, or even to any structures which 
were recognized as fungal, have come to our atten- 
tion, although Grand (23) grew Hodgkin’s lymph 
nodes in tissue culture, and by means of vital 
staining demonstrated the presence of specific 
cytoplasmic inclusions which were not found in 
the cells of corresponding normal tissues grown 
in vitro. Cell-free supernatant fluid from the 
Hodgkin’s node cultures, added to cultures of nor- 
mal lymph nodes, caused the appearance, in the 
cytoplasm of normal cells, of inclusions similar to 
those found in the original cultures. In personal 
talks with those who study tissue cultures of 





Fic. 7.—Paraffin section, stained in hemalum and 
eosin, of a human uterine carcinoma. Parasitized 
nucleus (organism unidentified) at tip of arrow. X 900. 

Fic. 8.—Papanicolaou smear of a primary carcinoma 
of the human cervix uteri. Note parasitized cell-at tip of 
arrow. X 900. 

Fic. 9.—Paraffin section of a spontaneous mammary 





tumor from an ‘‘A”’’strain mouse showing budding 
spore, greatly magnified, as demonstrated by the Mc- 
Manus stain for carbohydrates, in which background 
tumor cells remain completely unstained. 1,800. 

Fic. 10.—Paraffin section of a human fibrosarcoma. 
Yeastlike fungus spores, enclosed in capsules, at tips 
of arrows. X 900. 
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neoplastic cells I have learned that it is standard 
practice to treat cultures of tumor tissue with 
antibiotics and to grow them at high tempera- 
tures in order to arrest the growth of fungal 
“contaminants.” The media employed are, fur- 
thermore, quite different from those needed to 
further isolation of fungus from tissues. Tissue 
cultures are ordinarily grown at high pH, whereas 
isolation of most fungi is accomplished on an acid 
medium. Voegtlin (54) has shown that tumor 
tissue is definitely more acid than the surrounding 
normal tissues. In hepatomas the pH dropped to 
6.4 in rats (6.2 in mice), when starved host ani- 
mals were supplied with excess glucose, while the 
pH of the liver (7.4) remained unchanged. Es- 
sentially the same findings were made earlier by 
Cori and Cori for blood passing through tumors. 

The presence of bodies in cancer cells which did 
not appear to be normal cytoplasmic constituents 
was noted by many investigators in the nineteenth 
century (1, 2, 4, 11, 20, 34, 36, 43, 49, 50, 51, 52) 
and, more recently, by Burns and Schenken (7). 
Some of these authors considered that the inclu- 
sions were of fungal origin, while many others who 
observed similar inclusions (references not given) 
thought they were protozoa. 

A number of authors, believing the intra- 
cellular bodies to be fungi, were successful in cul- 
turing the organisms outside the body (5, 6, 8, 14, 
15, 29, 34, 35, 38, 39, 40, 41, 42, 44, 45, and 46 as 
well as many others listed in the Index Medicus 
from 1895 to 1900). An excellent review of the 
literature on the relation of yeasts to malignant tu- 
mors 1s that of Defendorf (17). Within the past 
few years, several papers on the association of 
Blastomycetes with lymphosarcoma and Hodg- 
kin’s nodes have appeared (10, 12, and 16). Con- 
temporary authors who have isolated organisms 
other than Blastomycetes are Leyton (27), Mori 
(31), and Gerlach (21). The latter author has ob- 
tained, from hundreds of human and animal tu- 
mors, microscopic fungi which he calls ‘““Micromy- 
ces blastogenes,” following the terminology of 
Mori. Both Mori and Gerlach believe that these 
fungi have a filterable phase during which they 
behave like viruses, a hypothesis similar to that of 
Glover (22). Wuerthele-Caspé : (56) is currently 
isolating from all types of human and animal tu- 
mors organisms which appear to be similar to 
those described by Gerlach. However, since they 
are acid-fast in some phase of. their, life cycle, she 
believes they are Mycobacteria. - 

These are but a few examples; of the many that 
might be chosen from the literature, showing how 
commonly inclusions—which some investigators 
regard as structures intrinsic to the malignant 





cell, others as metabolic products, and still others 
as microdrganisms—have been observed in cancer 
tissue. Whatever their significance, their presence 
must be reckoned with, not only in terms of the 
cytological picture, but also of the chemical rela- 
tionships or differences existing between the tumor 
tissue, In which these organisms are carrying out 
their life processes, and the normal tissues of the 
tumor host. Preliminary investigations made by 
us on the mode of action of chemotherapeutic 
agents have shown that the fungi respond to some 
of them, adding their debris to that of degenerating 
host cells and complicating the evaluation of exper- 
imental results. 

What influence do these organisms have on 
tumor growth? Microscopic observations indicate 
that the destructive action of these parasites may 
account for much of the “spontaneous necrosis”’ 
observed in transplanted tumors. Are they merely 
contaminants that find a favorable environment 
(e.g., pH) in tumor tissue? If so, what are the 
properties of tumor tissue that render it particu- 
larly susceptible to invasion by this specific type 
of organism? Wharton (55) reported that, after 
injection of various antigens, tumor-bearing mice 
have a lower antibody titer than nontumor-bear- 
ing mice. Has this any bearing on the problem? 
Antigenic studies have been begun in collaboration 
with him to investigate some of these possible 
relationships. 

At the present stage of our study of these 
phenomena we are not prepared to attempt any 
explanations of the presence or role of fungi in 
tumor tissue. The evidence of past investigations 
and of our own observations, however, point to 
their prevalence in many, if not all, types of tu- 
mor; and an extensive survey of the literature has 
revealed no conclusive evidence that microérgan- 
isms may not be causative agents. The large num- 
ber of earlier papers were referred to by Haddow 
(25) as “‘a depressing catalogue of allegedly specific 
pathogens.’ “Nevertheless,” he continues, “‘the 
logical possibility exists and must therefore very 
willingly be admitted, that the biology of cancer 
may in some way be bound up with processes 
of infection.’ The recent reports of Mann and 
Dunn (30) in England, that they have been able 
to transmit several mouse tumors from completely 
desiccated tissue following exposure to low 
temperatures (— 79° C.), focus attention still fur- 
ther on the possibility ol what these investigators 
call “‘a continuing cause.” 


SUMMARY 


The microscopic study of smear preparations of 
tumor tissue, prepared by a variety of cytological 
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technics, has revealed the presence of inter- and 
intracellular fungal structures. Spores and de- 
veloping conidia may be easily mistaken, in prepa- 
rations made by routine histological technics, for 
lymphocytes and other blood cells. 

Mycelial forms of the fungi were readily iso- 
lated from transplanted, induced, and spontane- 
ous tumors of the mouse and from human tumors. 
Fungi Imperfecti related to the Blastomycete 
group have been isolated from all types of tumor, 
including human neoplasms, and from mouse 
leukemias. In mice, a second form of fungus, ap- 
parently specific for the host strain, is frequently 
encountered. 
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Inhibition of Plant Growth by Irradiation 


V. Radiation Effects on Initiation and 
Completion of Growth"? 


HENRY QuastTLer, M.D., AND MartANNE BAER 


(From the Departments of Physics and of Physiology, University of Illinois, and Carle Foundation, Urbana, Illinois) 


INTRODUCTION 

The main activity of a plant seedling is growth. 
During early development, growth is mainly longi- 
tudinal, so that a simple measurement of length re- 
veals much about the growth processes. For this 
reason, plant seedlings have been widely used to 
study the effects of radiation on growth. 

We have been studying the responses to radia- 
tion of Mung beans (Phaseolus aureus). We had 
previously investigated reactions of dry seeds and 
growing plants, studied dose-response relations, 
and attempted (unsuccessfully) to correlate dis- 
turbances of growth with changes in mitotic ac- 
tivity. The picture which is unfolding is far from 
simple: responses to radiation can be analyzed into 
a number of component reactions, which are al- 
tered differentially by changes m experimental 
conditions. 

This paper deals with the growth of the first two 
parts of the plant which grow upward, Le., the 
hypocotyl and the first segment of the epicotyl. 
We have observed the linear growth of the whole 
plant and of separate segments, after total or par- 
tial irradiation. Two components of the growth 
process, growth initiation and growth completion, 
are distinguishable in normal plants (section I). 
Effects of resecting various parts show that growth 
initiation depends on food reserves stored in the 
cotyledons, whereas growth completion is locally 
autarkic, i.e., independent of food supplied from 
other parts of the plant (section IT). Growth is 
temporarily inhibited by moderate doses of x-rays 
(section III). In addition, there is a permanent ef- 
fect, which reduces the total amount of growth 
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after irradiation (section IV). The stunting effect 
is manifested in reduced capacities both of com- 
pleting (section V) and of initiating growth (sec- 
tion VI). Effects of partial irradiation show that 
growth completion (section IV), as well as growth 
initiation (section VII), is affected only by direct 
irradiation. The “‘Discussion”’ deals with the na- 
ture of the three radiation reactions studied. 


EXPERIMENTAL AND RESULTS 

Materials and methods have been described in 
detail in the first paper of this series (3). Mung 
beans (Phaseolus aureus) of a pure strain were 
used. The plants were grown in an ordinary room, 
with the roots in test tubes filled with tap water. 
Irradiation was administered with 100 kilovolt 
peak, with no filter; the dosage rate was usually 
145 r/min in most of the tests described in section 
VI. The tests in sections V and VII were done with 
150 kilovolt peak, with no filter, and with dosage 
rates of about 800 r/min. 


I. NorMAL Grow TH: PHASES OF INITIATION 
AND COMPLETION 

This investigation deals with the linear growth 
of the first two segments which grow upward: the 
hypocotyl, which extends from the crown to the 
cotyledons; and the epicotyl (more accurately, the 
first epicotylar internode) between cotyledons and 
primary leaves (Fig. 1). Each of these two seg- 
ments has a period of fast growth. The rate of 
combined upward growth remains unchanged as 
the growth wave passes from the hypocotyl across 
the insertion of the cotyledons into the epicotyl 
(Fig. 2). 

For a more detailed study, 1l-mm. segments 
were marked off with India ink (Fig. 1). The paint- 
ing itself has no effect on growth. In individual seg- 
ments, we studied instantaneous growth rates and 
total growth capacity. The former is defined as pert 
cent elongation per day; the latter as the per cent 























Fic. 1.—Segmental growth. Segments of 
l-mm. width were marked at the time of 
treatment by painting alternate strips with 
India ink. Photographs were taken after 
growth had ceased. Plants are lined up at the 
beginning of the 3d segment, 2 mm. from the 
top at the time of marking. (a) Controls: 
note that most of the growth has occurred in 
the top 2 segments. (b) Resection of top 2 
mm.: wound effect reduced growth in 2 seg- 
ments adjacent to the wound. Normal growth 
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completion below. Cotyledons transformed 
into vestigial leaves. (c) Partial irradiation of 
top 2 mm. with 40,000 r: irradiated portion 
and neighboring 2 segments stunted, normal 
growth completion below. (d) 40,000 r to 
whole stem: top 2 segments as in ¢ plus pro- 
portional stunting of all lower segments. (e) 
4,000 r to whole stem: the top 2 segments are 
stunted (compare with a), but all lower seg- 
ments grew normally. 








606 


Cancer Research 








elongation achieved from the time of marking to 
the final cessation of growth. 

Growth rates are low at the tip, reach a maxi- 
mum about 2-6 mm. below the tip, and decline 
farther down. Individual measurements vary con- 
siderably, but the general character of the growth 
rate gradient is about the same in every case. It 


HYPOCOTYL EPICOTYL 


LENGTH (CM.) OF ;: 


PRIMARY ROOT 
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Fig. 2.—Normal linear growth 


does not change as the growth wave passes from 
hypocotyl to epicotyl. Figure 3 shows mean growth 
rates observed in twelve beans on the day after 
marking. 

The total growth capacity shows a different dis- 
tribution. Most of the total growth capacity 1s lo- 
cated in the top 2 mm. (Fig. 1, a). Except for some 
26 mm. contributed by the lower segments, the 
total growth capacity of the first 2 mm. is simply 
the difference between normal final length and 
length at the time of observation. The lower por- 
tions grow by limited amounts which are propor- 
tional to the growth rates and, therefore, decline 
exponentially with the distance from the tip. Fig- 
ure 4 shows growth capacities of 25 beans meas- 
ured in five experiments. The general trend and 
the individual variability are well demonstrated 
(the large spread in the top 2 mm. is due to inde- 
terminacy and not to variability). 

The tip contains most of the growth capacity, 
but does little actual growing; the lower segments 
show active actual growth, but their growth capac- 
ity is limited. Growth is initiated in the tip and 
completed in the lower segments. The capacity to 
initiate growth depends on the age (for a given set 
of experimental conditions); the capacity to com- 
plete growth depends on the position (during the 
phase of active growth) and can be described rea- 
sonably well by the equation: 


G(s) = 51.7 K e-**** X As (s > 2 mm.) 


where G(s) is the growth capacity of a segment of 
length As, at a distance s from the tip. 





. ee—— 


This equation yields a value of 26 mm. for the 
total amount of growth ready for completion lo- 
cated below the top 2 mm. We estimate the con- 
tribution of the top 2 mm. under the assumption 
that the capacity to complete growth is propor- 
tional to the growth rate, as it is in the lower seg- 
ments. The resulting total is about 36 mm. 

The variability of the capacity for growth com- 
pletion was studied by analyzing the variability of 
total growth below the top 2 mm. The standard 
deviation within each experiment is about +7 
mm., or 30 per cent of the total growth. In addi- 
tion, there are greater differences among experi- 
ments than can be explained by sampling vari- 
ance; inter-experimental scatter accounts for an 
additional standard deviation between means of 
+6 mm. 


II. Errects or RESECTIONS 


If the cotyledons are carefully amputated, the 
stem continues to grow about 40 mm. (mean of 16 
observations). This is approximately the amount 
of growth ready for completion (as estimated 
above). Also, the growth mostly takes place at 
some distance from the tip. It appears that 
growth completion is autarkic, while growth initi- 
ation depends on the presence of the cotyledons 
(in beans of the ageJrange used in our experi- 
ments). 
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Fic. 3.—Growth rates expressed as additional growth/day/ 
mm. Average of 12 beans. 


If the top 2 mm. are cut off, the growth of the 
remaining segments is about normal, except for a 
small region below the wound (Fig. 1, 0). Cutting 
off 4 and 6 mm. gives similar results, but the 
growth inhibition below the wound becomes more 
marked. With the exception of the region near the 
wound, the results agree with the hypothesis of 
local autarky of growth completion. 

If the growing stem is cut up into 2-mm. seg- 
ments, no significant further growth occurs. This 
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does uot disprove the hypothesis of local autarky, 
bec:use of the trauma involved, which, as pointed 
out ubove, inhibits growth in the region around the 
wound. 

Growth initiation depends chiefly, but not ex- 
clusively, on the cotyledons. If the primary leaves 
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Fic. 4.—Segmental growth capacity. Final additional 
growth of 1-mm. segments. Each symbol represents one obser- 
vation. Broken line, means. Dashed line, trend. 


are resected, the result is a stunting of the epicotyl 
by about 9 mm. (mean of 25 observations). The 
hypocotyl provides some material for growth ini- 
tiation if the cotyledons are cut at an early age; it 


is also involved in initiating growth in the primary 
root. 


III. Temporary INHIBITION OF GROWTH COMPLETION 


After administration of moderate or high doses 
of x-rays, all visible growth stops for some time. 
After this interruption, growth proceeds continu- 
ously until the final length is reached (Fig. 5), 
without the intermediate stops characteristic of 
the radiation response of roots. Since the instan- 
taneous growth rate depends on growth comple- 
tion and not on growth initiation, the temporary 
inhibition must involve growth completion. Ac- 
cordingly, it affects all growing segments. The 
larger the dose, the longer the duration of the in- 
hibition is. With very large doses, the instantane- 
ous inhibition of growth becomes irreversible. For 
instance, out of four plants irradiated with 








110,000 r, three stopped growing permanently, and 
the fourth grew a few millimeters after an inter- 
ruption of 10 days. 


IV. PERMANENT STUNTING: ESTIMATION OF EFFECTS 


After recovery from the temporary inhibition, 
an irradiated plant resumes its growth. However, 
the final length is less than normal: irradiation 
produces an irreversible reduction of the growth 
capacity. How this effect is measured depends on 
the way in which growth capacity 1s expressed. In 
dealing with effects of irradiation administered be- 
fore any elongation has occurred, we found it con- 
venient to express growth capacity in terms of 
final length. In the present investigation, the situ- 
ation is more complicated. Should one consider the 
total length, or the additional growth after irradi- 
ation? Should hypocotyl and epicotyl be treated 
separately or combined? We have looked for an 
empirical answer in a number of tests in which we 
compared responses to graded doses of x-rays over 
a wide range of initial lengths. It was found that 
the one function of the dose which is largely inde- 
pendent of age is the total elongation after irradia- 
tion (of hypo- and epicotyl combined). 
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Fic. 5.—Linear growth after irradiation. Temporary in- 
hibition and final stunting. For unirradiated plants, see Fig. 2. 


V. Capacity or GROWTH COMPLETION 


Over a dosage range of from 0 to 4,000 r, the 
growth capacity is reduced from the normal value 
(which is about 180 mm. minus the actual length) 
to about 40 mm. The gradual abolition of these 
last 40 mm. occurs much more slowly over a dos- 
age range reaching to nearly 100,000 r. The total 
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growth capacity thus consists of two portions. of 
vastly different radio-resistance. We will discuss 
the more resistant portion first. 

If a seedling is irradiated with a high dose 
(10* r), and segmental growth is studied, one finds 
that the reduction of growth capacity affects all 
segments (Fig. 1, d). This implies a reduction of the 
capacity to complete growth (this being the only 
growth capacity present in the lower segments). 
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Fic. 6.—Growth capacity after irradiation: (a) capacity to 
complete growth; (b) capacity to initiate growth, obtained by 
subtracting from the total growth capacity the mean capacity 
to complete growth for the dose given. 


Each symbol represents the mean for a set of plants x-rayed 
with a given dose at a given time. Broken lines, trend. 


The growth capacity is reduced proportionally in 
all segments; for instance, after irradiation with 
11,000 r, each segment grows about 55 per cent of 
normal, except for the first 2 mm., where the 
abolition of growth initiation makes the stunting 
effect more pronounced. These findings suggest 
that we are dealing with a local effect. This was 
substantiated in experiments where only the top 
2 mm. were x-rayed, the rest of the plant being 
carefully shielded against direct and, as far as pos- 
sible, scattered radiation. The result is some stunt- 


ing in the neighborhoed of the irradiated segment, 
with normal growth occurring in the segments 
farther down (Fig. 1, c). The stunting in the im- 
mediate neighborhood of the irradiated segment is 
closely comparable to that obtained by cutting off 
the top 2 mm., and is probably a toxic effect rather 
than one due to scattered radiation. 

The extent to which growth completion is re- 
duced can be estimated by comparing total elonga- 
tion in normal and irradiated plants, omitting the 
contribution of the portion which formed the top 
2mm. at the time of irradiation. One thus elimi- 
nates effects of growth initiation. One can also 
examine the effects of high doses only, obtaining 
growth completion in normal plants by extrapola- 
tion. Both methods lead to the same result: the 
capacity to complete growth declines exponential- 
ly with dose. Data concerning total growth after 
high doses are entered in Figure 6, a. It can be seen 
that a straight line in a semi-logarithmic plot fits 
the experimental points reasonably well, and that 
the estimate of the capacity to complete growth in 
normal plants, obtained by extrapolation to zero 
dose, agrees closely with the value arrived at on 
the basis of growth rates (section I) and of growth 
after resection of the cotyledons (section IT). 


VI. Capacity or Grow TH INITIATION 

The total growth capacity of a plant seedling 
has been divided into two components, namely, 
the capacities to initiate and to complete growth. 
The amount of the second, after irradiation, has 
been determined in the preceding section. The 
amount of the first is estimated by subtracting 
from the total additional growth after irradiation 
the growth due to completion, as estimated for the 
dose delivered (according to Fig. 6, a). In this 
manner, the data shown in Fig. 6, b were obtained. 

The capacity to initiate growth is subject to 
considerable variations within and between ex- 
periments. The entries in Figure 6, 6 are group 
means. It can be seen that they vary considerably 
but also that they show a simple trend: the capaci- 
ty to initiate growth declines exponentially with 
the increasing dose (and does so much faster than 
the capacity to complete growth). 

Figure 6, b represents data from 1,712 irradiated 
beans, collected in 71 tests performed between 
1946 and 1950. The dosage rates ranged from 145 
to 1,400 r/min, and the peak potential from 100 
to 150 kv. Beans with stem lengths, at irradiation, 
from 0.5 em. to a few em. below the final length are 
included. It is trivial that the relation does not 
hold for beans which have nearly reached their 
normal length; it is remarkable, however, that it 
does not hold, either, at the other end of the age 
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range--for beans in which the growth of the stem 
has not yet begun. In dry seeds and in young seed- 
lings, a very different curve, with a definite thresh- 
old effect (3), can be noted. This implies that 
young seedlings have a mechanism for compensat- 
ing radiation damage to the stem to a certain de- 
gree, a mechanism which is lost as soon as growth 
actually begins. 


VIL. PartiaAL IRRADIATION 


An experiment in which only a portion of the 
plant was x-rayed was described in the discussion 
of radiation effects on the capacity to complete 
growth. In this section, we are dealing with radia- 
tion effects on the capacity to initiate growth. 
This capacity is located in the tissues near the 
growing tip. It is lost if the top 2 mm., or the coty- 
ledons, are removed. Thus, there are at least two 
regions involved in the initiation of growth. It is 
desirable, therefore, to investigate which region of 
the seedling must be irradiated in order to stop the 
initiation of growth.t A number of experiments 
were performed in which various regions were ir- 
radiated, both singly and in combinations, the re- 
mainder of the plant being carefully shielded. The 
dose was 4,000 r, which, if applied to the whole 
plant, abolished the initiation of growth but had 
little effect on the completion of growth. 

One typical experiment with partial irradiation 
is summarized in Figure 7. The plants were divided 
into 3 segments: epicotyl, plus cotyledons, plus 
leaves; upper hypocotyl; and lower hypocotyl. 
These segments were x-rayed singly and in all 
combinations. Irradiation of the top portion was 
found to be necessary and sufficient to cause de- 
cided stunting. 7 

In similar tests, we compared the effects of ir- 
radiation on the following regions: root, hypo- 
cotyl, epicotyl; alternating strips of 3-mm. width; 
epicotyl, cotyledons, and piece of stem on which 
cotyledons insert; leaves; and epicotyl. In all 
‘ases, marked stunting resulted if, and only if, the 
growing tip was directly irradiated. 


DISCUSSION 

Initiation and completion of growth—The 
growth rate of a seedling is, essentially, the rate of 
net water increase. If a dry seed is soaked in water, 
a passive streaming-in of water occurs, and even a 
million roentgens do not slow down the swelling of 
the seed. On the other hand, a few hundred roent- 
gens are sufficient to stop, temporarily, the growth 


' The only dosage range that is of interest is that which will 
cause stunting on irradiation of the whole seedling. Of course, 
there must be some dose, probably very high, which will dam- 
age the cotyledons so much that it is equivalent to amputation. 





of a seedling. In this case, the uptake of water is 
an active phenomenon, mediated through and 
roughly proportional to the amount of active pro- 
toplasm present. Radiation effects on longitudinal 
growth are based on changes in the amount of pro- 
toplasm produced. 
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Fic. 7.—Partial irradiation with 4,000 r. Irradiated parts 
in black. Plants drawn to scale, each representing means of 
eight observations. Top row, lengths at irradiation. Bottom 
row; final lengths. Seales, cm. 


Protoplasm is built from water, salts, and or- 
ganic molecules, with energy furnished by organic 
molecules. The latter, in a young seedling, come 
from material stored in the cotyledons. Toward 
the end of our period of observation, some energy- 
rich material is contributed by the green leaves. 
However, it was shown, by resection of the leaves, 
that this contribution had little effect on longi- 
tudinal growth. 





610 


The building blocks migrate from the cotyle- 
dons into the growing tip, where they are proc- 
essed, modified, and assembled in the process 
which constitutes the initiation of growth. If 
building blocks are not processed, their flow stops: 
if growth initiation is curtailed by irradiation, the 
cotyledons remain fleshy and fail to lose their sub- 
stance and to shrivel as in normal plants. 

As a segment actually gets larger, its location 
becomes farther and farther removed from the 
tip, since the tip is being pushed away by the ex- 
pansion of growing segments. If growth initiation 
and actual growth (to completion) proceed at con- 
stant rates, a steady state develops, and thus a 
segment at a given distance from the tip will have 
a characteristic growth rate and a characteristic 
total growth capacity (see section I). 

“Growth initiation” and “growth completion” 
are very general terms for which one would like to 
substitute more specific ideas. “Cell division” and 
“cell stretching” might express these processes. 
Cell division goes on in the embryonic zone, 
which is located near the tip: cell stretching 1s lo- 
cated in a larger segment extending away from the 
embryonic zone. Cell stretching is the expression 
of cell differentiation, the first act of which is the 
initiation of growth: cell division is the process in 
which differentiable cells are provided. Finally, 
stretching is more radio-resistant than division, a 
finding which agrees with the fact that growth 
completion is more resistant than growth initia- 
tion. In spite of these very suggestive arguments, 
we are not prepared to substitute “cell division 
and stretching” for “‘growth initiation and comple- 
tion” until a correlation is actually proved. In 
roots of Mung beans, a very similar situation has 
been studied previously. There, too, a certain por- 
tion of the growth capacity is distinguished by 
higher radio-resistance, and this portion was iden- 
tified as growth in the process of completion by an 
analysis of the time course of radiation responses. 
The correlation between growth capacity and 
mitotic activity was carefully studied, both in 
normal and in irradiated beans, and no simple 
connection was found (4). We have concluded that 
cell division and stretching are two aspects of 
growth initiation and completion, but not neces- 
sarily the most important ones. Until definite evi- 
dence is obtained, we will keep using the general 
terms, “growth initiation and completion.” 

Reduction of the capacity to complete growth.—We 
have isolated three distinct radiation effects on the 
linear growth of stems in Mung bean seedlings: 
reduction of the capacity to initiate growth, tem- 
porary inhibition of actual growth, and reduction 
of the capacity to complete growth. 
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In normal plants the segmental elongation due 
to the capacity to complete growth decreases ex. 
ponentially with the distance from the growing 
tip: in irradiated seedlings, the growth of each seg- 
ment is reduced proportionally, the residual 
growth capacity declining exponentially with the 
dose. The capacity to complete growth is largely 
autarkic (see pp. 606 and 608). This suggests that 
effects on growth completion will be due to com- 
paratively simple actions. The exponential form of 
the dose-response curve indicates that single 
events are sufficient to contribute to the total ef- 
fect. What these single events are, we do not know: 
they must be due to the absorption of radiant 
energy, but this absorption could either take place 
in the structures concerned with growth comple- 
tion, or be transmitted to them by various ways of 
energy transfer. If we assume direct energy ab- 
sorption, then we can use the apparatus of the 
target theory to obtain additional information (9). 
Assuming, first, that the “targets” are approxi- 
mately spherical, and that a single ionization con- 
stitutes a “hit,” we obtain, from the slope of the 
dose-response curve, a target diameter of 65 muy, or 
a molecular weight of about 10%. Assuming that 
only the densely ionized tail-ends of the electron 
tracks can score a hit, we get a diameter of about 
270 my, a molecular weight of about 10°. The order 
of magnitude obtained is that of Claude’s (1) par- 
ticulate components of the cytoplasm. As these 
components are known to carry a number of en- 
zymes, their connection with the building of pro- 
toplasm and the completing of growth is likely, 
and they are a plausible seat of the radiation effect 
which interferes with the completion of growth. 
This deduction, however, is based on the assump- 
tion that, in the reaction studied, the hit theory 
is at least approximately valid. If we assume that 
the effect is mediated through free radicals, then 
we have no means with which to estimate the size 
of the structures involved. 

Temporary inhibition of growth—A completely 
different situation is encountered when the tem- 
porary inhibition of growth is considered. Since the 
actual growth, at any given time, is due to growth 
completion rather than to growth initiation, the 
substrate of the effect must be growth completion. 
A dose of 2,500 r is sufficient to interrupt growth 
completion for a considerable time, and yet it has 
virtually no permanent effect on growth comple- 
tion. 

It has been shown that x-rays destroy auxin’ 
(5). It is possible that this effect is responsible for 
the immediate temporary inhibition of growth. 


2S. A. Gordon, personal communication. 
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However, it is not evident how small doses of 
x-ravs could destroy enough auxin in the plant to 
cause complete cessation of growta. The auxin 
molecule is small, and many millions of roentgens 
would be required for direct destruction. However, 
radiant energy absorbed primarily by an atom be- 
longing to a molecule of water or of some other 
substance can be transferred to the auxin mole- 
cule. By this mechanism, small doses of radiation 
can destroy auxin in dilute solution. In the cell, 
however, there are many substances which com- 
pete with the auxin molecules for the energy ab- 
sorbed by the water molecules. Thus, the auxin 
hypothesis either implies some mechanism by 
which energy absorbed by water and other sub- 
stances is channeled preferentially toward the 
auxin molecules or an extremely high affinity of 
auxin for free radicals. 

Whether due to the destruction of auxin or to 
some other process, the temporary inhibition of 
growth must operate through mechanisms which 
co-ordinate the events within and possibly among 
cells. Otherwise, it is hard to see how the effect 
could be complete after comparatively small doses. 
In this respect, the temporary inhibition of growth 
completion is comparable to the temporary inhibi- 
tion of mitosis which occurs after doses which are 
much too small to score a hit in every chromosome. 
The two processes are not equally radiosensitive; 
in bean roots, inhibition of mitosis occurs after 
doses which are too small to affect the growth 
rate (4). 

Reduction of the capacity to initiate growth.— 
The most striking effect of irradiation 1s the reduc- 
tion of the capacity to initiate growth. The act of 
initiating growth is an operation or chain of opera- 
tions in which building materials (organic mole- 
cules, water, and salts) are assimilated into the 
living structure in such a way that they will pro- 
duce an increase in size. This process could be dis- 
turbed in three ways: (a) by destroying the build- 
ing material, (b) by preventing it from reaching 
the region where it is to be used, or (c) by interfer- 
ing with the mechanisms of utilization (which in- 
clude all intermediate metabolic processes which 
might be involved in the initiation of growth). 

Radiation effects on the building materials are 
irrelevant. Salts and water are changed by irradi- 
ation, but the effect is of very short duration and 
could affect living structures only in the immedi- 
ate neighborhood. The organic molecules which 
serve as building blocks are stored chiefly in the 
cotyledons, smaller amounts being located in the 
leaves and the hypocotyl. It has been shown that 
irradiation of these three organs has no effect on 
the capacity to initiate growth. Furthermore, the 
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cotyledons are not depleted if growth fails to be 
initiated. 

Radiation also fails to affect the transport of 
building materials. Salts and water are taken up 
by the root; irradiation of the root, even with 
doses which cause severe stunting, fails to affect 
the growth of the stem. Material from the cotyle- 
dons goes downward and upward to the growth 
zones; irradiation of the point of insertion of the 
cotyledons and other parts of the plant situated 
between cotyledons and growth zones does not re- 
duce growth initiation. 

Since radiation does not destroy the material 
needed to initiate growth and does not interfere 
with its transport to the region where it is used, it 
must act upon the mechanisms of assimilation. 
The effect is obtained only by irradiation of the re- 
gion where growth 1s initiated. The dose-response 
curve suggests a single-hit mechanism. In dry 
seeds and in very young plants, a different curve is 
obtained, but current investigations of responses 
to divided doses indicate that there, too, one is 
dealing with a one-event reaction. This reaction is 
more than 20 times as radiosensitive as the reduc- 
tion of the capacity to complete growth. The ap- 
paratus needed to initiate growth is much more 
vulnerable to irradiation than the actual process 
of growth. Irradiation affects some early stages of 
differentiation: once the process of differentiation 
is well under way, only high doses of radiation will 
seriously interfere with it. 


SUMMARY 

1. The observations reported concern linear 
growth in Mung beans—growth of individual seg- 
ments and of the entire hypocotyl and the first seg- 
ment of the epicotyl in normal plants, after resec- 
tion of various parts, and after total or partial ir- 
radiation with various doses. 

2. The growth capacity is analyzed into two 
components: the capacity to initiate growth, 
which is located in the top 2 mm, is dependent on 
food stored in the cotyledons, and is determined by 
the age of the seedling; and the capacity to com- 
plete growth, which is spread along a zone of about 
a 15-mm. length, is locally autarkic, and is deter- 
mined by the position of the segment observed. 
“Growth initiation and completion” are possibly, 
but not necessarily, identical with “cell division 
and stretching.” 

3. Irradiation with x-rays causes three distinct 
effects: temporary inhibition of growth comple- 
tion, and permanent reduction of the capacities of 
both initiating and completing growth. Permanent 
stunting is an effect of local irradiation. 

4. An analysis of dose-response relations shows 
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that the apparatus for growth initiation is more 
vulnerable than the apparatus concerned with ac- 
tual growth. 
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Nitrofurazone N.N.R., 5-nitro-2-furaldehyde 
semicarbazone (furacin), has been found to be ef- 
fective in controlling the bacterial flora of infected 
wounds (10-12). Dodd (2) reported that furacin 
was active in vitro, and in some cases in vivo, 
against a large variety of gram-positive and gram- 
negative bacteria. Cramer (1) showed that furacin 
poised the oxidation-reduction potential of bac- 
teria and suggested that it might interfere with 
the enzymes involved in hydrogen transport. 
Green (3) observed that furacin inhibited the oxi- 
dation of glucose and pyruvate in the Warburg 
respirometer, when bacteria were used as_ the 
source of enzymes. 

Since furacin appeared to inhibit several en- 
zyme systems of bacteria, its action on tumor 
growth was also investigated. In a preliminary re- 
port, Green and Friedgood (4) found that furacin 
retarded the growth of a transplanted fibrosarco- 
ma in mice. In this paper, further observations of 
the effects of furacin on the growth and histology 
of this tumor will be described. 


MATERIALS AND METHODS 


Ninety adult inbred C3H mice of the Ander- 
vont subline were used. Equal amounts of mouse 
sarcoma 5-13 were transplanted into the right 
axillary space.! Furacin crystals,’ finely ground to 
a powder in a mortar, were suspended in peanut 
oil at a concentration of 200 mg/ml. This suspen- 
sion was injected subcutaneously into the lumbo- 


* This work was supported by grants from Eaton Labora- 
tories, Inc., Norwich, N.Y., Research Council, University 
of Missouri, and the Public Health Service. 


' This tumor was supplied by Dr. Margaret Reed Lewis of 
the Wistar Institute. It was originally induced by methyl- 
cholanthrene and has since undergone transplantation through 
many generations with no incidence of spontaneous regression. 


It gives 100 per cent takes in C3H mice of the Andervont 
subline. 


» ry . . e 
*The furacin used was generously supplied by Dr. L. 
Eugene Daily of the Eaton Laboratories, Inc., Norwich, N.Y. 


Received for publication May 4, 1950. 
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dorsal region at a site far removed from the region 
of the tumor implantation. The animals were 
divided into six groups and treated with furacin 
(20 mg. in 0.1 ml. oil) according to the following 
treatment schedules: 

Group [.—QOne dose injected 1 week after im- 
plantation of the tumor. 

Group II.—Injected 3 days prior to transplan- 
tation, followed by another injection 1 week after 
transplantation. 

Group III.—Injected 3 days prior to trans- 
plantation, 1 week after transplantation, and 
again 2 weeks after transplantation. 

Group IV .—Injected 5 days before transplanta- 
tion, again at the time of transplantation, and 
thereafter every 5 days until 25 days had elapsed, 
making a total of 140 mg. of furacin per mouse. 

Group V.—Untreated controls. 

Group VI.—Controls treated with five doses of 
0.1 ml. of peanut oil at intervals of 5 days after 
transplantation. 


The tumors were palpated daily, to note the 
amount of growth. The mice were weighed periodi- 
cally, to determine any abnormal losses in weight. 
Necropsies were made at the time of death of the 
animals, and microscopic sections were prepared 
from the tumor, kidney, liver, adrenals, and gon- 
ads. All animals were fed Purina Fox Chow and 
housed in wire cages. 

RESULTS 

Table 1 compares the survival time of the 
tumor-bearing animals treated with furacin with 
that of the untreated controls. All treated animals 
showed an increased longevity. 

The effect of furacin given only after tumor im- 
plantation is seen in the results with Group I. 
When Furacin was given before as well as after im- 
plantation, the greatest effects on longevity were 
observed. In Groups II, III, and IV, the average 
life span increased from 34 days to 40 days. The 
lower limit of longevity in each case was at least 
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30 days, when furacin was also given before im- 
plantation. This result may be attributed to the 
20 mg. of furacin given before transplantation. 
However, doses of furacin given after transplanta- 
tion also had an effect, in raising the upper limit 
of the life span from 34 days in Group I to the 
maximum of 49 days in Group IV. There is not 
much advantage, in terms of longevity, in in- 
creasing the total dose of furacin from 60 mg. to 
140 mg. | 

The effect of furacin was not influenced by the 
peanut oil in which it was suspended. The rate of 
tumor growth and the life span of the mice treated 
with peanut oil was approximately the same as 
that of the untreated control group. 


TABLE 1 


SURVIVAL TIME OF MICE AFTER IMPLANTATION 
OF S-13 TUMOR AND TREATMENT 
WITH FURACIN 


Number Total furacin Average 

of injected* survival Range Standard 
Group = animals (mg.) (days) (days) deviaton 
I 10 20 29 22-34 3.6 
IT 10 40 34 30-42 3.6 
IIT 10 60 37 30-47 4.7 
IV 30 140 40 31-49 4.7 
V 15 Controls 21 18-25 2.6 
VI 15 Controls plus 22 19-27 3.4 

peanut oil 


* Details in the text. 


Although furacin exhibited a definite inhibitory 
effect on the growth of the tumor, eventually all 
the animals died as a result of the malignancy. In 
the control series, the tumor was usually palpable 
within 5 days following transplantation, while in 
the furacin-treated mice the tumor transplant was 
not palpable for at least 2 weeks and grew at a 
correspondingly slower rate. There was no evi- 
dence of metastasis in any of the animals. The sar- 
coma, however, did infiltrate the surrounding tis- 
sues and the thoracic cage. 

Histologic studies revealed a striking effect of 
furacin on the morphology of the sarcoma in 
treated animals. The microscopic picture of the 
untreated tumor was typical of a highly cellular 
fibrosarcoma. In sections of the furacin-treated 
tumor tissue there was evidence of cellular de- 
generation with pyknotic nuclei and a more 
granular cytoplasm. The tissue took an eosino- 
philic stain, and mitosis was greatly decreased 
as compared to that in the untreated controls. 
The microscopic differences correspond to the 
gross differences observed in the rate of growth. 

There was no evidence of parenchymal damage 
to the liver or kidney. The adrenal gland, how- 
ever, was hypertrophied in the furacin-treated 
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animals. The testes and ovaries were atrophic 
with decreased gametogenic activity. 


DISCUSSION 


Relatively little is known regarding tumor 
chemotherapy. The “‘metabolite-antagonism”’ ap- 
proach, which has been extensively applied in 
bacterial chemotherapy, has also been suggested 
for the treatment of tumors (5). Vitamin (9, 13) 
and purine (7) analogs have been tested against 
tumors. 

Both the growth experiments and the histologic 
changes described above indicate that furacin 
may selectively inhibit the growth of neoplastic 
tissue. While a definite mechanism of action can- 
not be advanced at the present time, two possi- 
bilities are suggested. The first concerns the pos- 
sible inhibition of glucose or pyruvate metabolism 
of the tumor by furacin. 

Studies on bacterial metabolism with furacin 
(3) have shown that it inhibits the enzymes in- 
volved in the dissimilation of glucose and pyru- 
vate. Recent experiments have shown that several 
nitrofurans likewise inhibit glucose dissimila- 
tion.* The homologous non-nitrofurans are inac- 
tive in this respect. 

Since members of the vitamin B complex in co- 
enzyme form are involved in glucose and pyruvate 
metabolism, the following experiments not pre- 
viously described may be of interest. Eight adult, 
albino Wistar rats were injected subcutaneously 
with two large doses of furacin suspended in pea- 
nut oil—200 mg. initially and the same dose again 
after 1 week. At the end of 2 weeks, characteristic 
symptoms of multiple vitamin deficiencies were 
observed, such as porphyrin-whiskers, rusty fur, 
scaly skin and feet, weakening of the hind legs, 
diarrhea, cheilosis, and conjunctivitis. When the 
administration of furacin was terminated and the 
animals were fed on a full diet fortified with vita- 
mins, they returned to their original healthy state 
of nutrition. While no symptoms of vitamin de- 
ficiency were observed under the conditions of 
the tumor therapy experiments, these experi- 
ments nevertheless indicate the possibility that 
furacin may interfere with the carbohydrate me- 
tabolism of the tumors. However, before coming 
to this conclusion, appropriate experiments with 
the treated tumors will have to be performed. 

The role of the adrenal cortex suggests another 
possible explanation for the mode of action of 
furacin on tumor growth. Lewis, Aptekman, and 
King (8) have demonstrated the retardation of 
tumors by mincing tumor grafts with adrenal 

3 Green, M. N.; Heath, E. C.; and Goldberg, H. Unpub- 
lished data. 
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gland tissue alone. Complete inhibition of growth 
of a transplanted rhabdomyosarcoma in C3H 
mice treated with daily injections of 1.0 mg. of 
cortisone has been reported by Higgins, Woods, 
and Bennett (6). Since hypertrophy of the adrenal 
cortex was observed in the treated animals, fura- 
cin may exert its effect on tumor growth indirectly 
through the adrenal gland. Investigations now 
being conducted on adrenalectomized mice should 
clarify this possibility. The observed atrophy of 
the testes and ovaries following prolonged furacin 
therapy may also be related to the enlargement of 
the adrenal cortex. 


SUMMARY 


Furacin suspended in peanut oil, injected sub- 
cutaneously, retarded the growth of fibrosarcoma 
S-13 in C3H mice of the Andervont subline.The 
life span of the mice was approximately doubled 
by this treatment (from 21 to 40 days). Micro- 
scopic examination of the furacin-treated tumors 
revealed increased cellular degeneration, with 
lessened mitotic activity. Hypertrophy of the 
adrenal cortex and atrophy of the testes and 
ovaries have also been observed in the furacin- 
treated animals. 
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Synthesis of 2-Acetylaminofluorene-9-C — 


and 2-Acetylaminofluorene-«-C""' 


Francis Ear Ray, D.Sc.,f AND Ropert C. Geiser, M.Sc. 


(From the Laboratory of Radiochemistry, Unirersity of Cincinnati, Cincinnati 21, Ohio) 


A study of the metabolism of 2-acetylamino- 
fluorene (AAF) might be expected to throw con- 
siderable light on chemical carcinogenesis. Prelimi- 
nary work by Morris and Westfall (4) was able to 
account for only 32 per cent of the ingested dose. 
The colorimetric method used depended on the 
presence of a diazotizable amino group. Because of 
the transformations that such a group can undergo 
we decided to incorporate carbon 14 into the 9- 
position of AAF. In this location it is likely that 
the carbon would be separated only with difficulty 
from the aromatic part of the molecule. A prelimi- 
nary announcement of this synthesis was made in 
1949 by the present authors (5). The details are 
given now because of the widespread interest in 
AAF. 

It seems probable that the acetyl group is early 
removed in the metabolism of AAF, because Mor- 
ris, Dubnik, Dunn, and Johnson (3) found that 
both 2-aminofluorene and 2-nitrofluorene are car- 
cinogenic. We have, therefore, also synthesized 
AAF with carbon 14 in the methyl group of the 
side chain. 

If the premises stated above are correct, then 
radioactive carbon dioxide should be found in the 
expired air from animals fed AAF with the radio- 
active side chain but not from those fed AAF with 
the radioactivity in the fluorene nucleus. 


EXPERIMENTAL 
PREPARATION OF 2-ACETYLAMINOFLUORENE-9-C !4 


Figure 1 gives an outline of the reactions em- 
ployed. The asterisks denote radioactive carbon 
14. The percentages refer to yields, and the c/m 


* Experiments on the metabolism of these compounds in the 
rat are reported by Morris, Weisburger, and Weisburger, 
Cancer Research, 10:616-—20, 1950. 

This work was supported by a research grant, C-341, from 
the National Cancer Institute, Public Health Service. 

Thanks are due to Dr. Charles D. Stevens for his assistance. 


+ The nomenclature of these compounds (5) has been re- 


vised in conformity with the policy of Cancer Research. 


t Present address, Cancer Research Laboratory, University 
of Florida, Gainesville, Florida. 
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refers to counts per minute using a Geiger tube 
with a window of 4-5 mg/cm” at a distance of 1} 
inches, connected to a Higginbotham-type scaler. 
All counts were for samples 22 mg/cm’. 
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Fic. 1.—Outline of reactions employed in the synthesis 
of 2-acetylaminofluorene-9-C'+. 


Biphenyl-2-carboxrylic acid-C™, [III.—The mag- 
nesium (1 gm.) and 20 ml. of ether were placed in a 
75-ml. Erlenmeyer flask fitted with a reflux con- 
denser carrying at the top a dropping funnel and a 
calcium chloride drying tube. The dropping funnel 
contained 20 ml. of ether and 2-iodobipheny! (11.9 
gm.). The ether solution of iodobiphenyl was 
dropped slowly down the reflux condenser into the 
refluxing ether. Once started, the reaction pro- 
ceeded vigorously without the aid of heat. After 
the reaction had subsided, heat was again applied 
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for | hour to drive the reaction further toward 
completion. A titration of the Grignard reagent 
revealed an 84 per cent yield. 

(‘arbonation was the most critical reaction of 
the series of steps in the total synthesis. This was 
the ease because (a) danger was involved in possi- 
ble inhalation of the radioactive carbon dioxide, 
(b) the radioactive carbon must be incorporated 
with the highest efficiency, and (c) the apparatus 
employed required careful manipulation for proper 
functioning. 

Reference to Figure 2 will be made in describ- 
ing the procedure of carbonation of the Grignard 
reagent. 


























Fic. 2.—Apparatus for the carbonation of the Grignard 
reaction. 


The 125-ml. Erlenmeyer flask, E, which con- 
tained the Grignard reagent, was cooled to 
—70° C. with a surrounding methanol dry ice 
bath. This reduction in temperature caused the 
contents of flask E to solidify to a white paste. The 
valve between flasks A and B was opened as well 
as the 3-way valve at C. The latter connected both 
sides of the apparatus to the manometer shown in 
the figure and to a Hyvaec pump which is not 
shown. The system was then evacuated to 3 mm., 
after which the valve at C was turned so that both 
sides of the system were open to each other, but 
were closed off from the pump. The stopcock be- 
tween flasks A and B was also closed at this 
point. 

In order to best utilize the radioactive carbon, 
isotopic carbon dioxide was first generated by 
dropping phosphoric acid on pure radioactive 
barium carbonate! (0.394 gm., 2 me.) contained in 

'BaC'“O; was obtained from the Oak Ridge National 


Laboratories under allocation from the U.S. Atomic Energy 
Commission. 








flask A. Flask A was then heated gently to com- 
plete the liberation of CQ», and the well cooled 
(with dry ice) Grignard reagent in flask E was 
stirred by magnetic stirrer, D. 

After several minutes, phosphoric acid was al- 
lowed to enter flask B, which held ordinary barium 
carbonate (5.7 gm.), and the stopcock between A 
and B was opened. This swept out any radioactive 
carbon dioxide remaining in the system and also 
furnished enough carbon dioxide to complete the 
reaction with the remaining Grignard reagent in 
flask E. It took approximately twenty minutes for 
all the carbon dioxide to be expelled from flask B 
with cautious heating, and during this period the 
magnetic stirrer operated continually. The valve 
at C was turned, closing off the right side of the 
system from the rest of the apparatus, and the 
flask containing the carbonated Grignard reagent 
slowly came to room temperature. 

After standing overnight, the reaction mixture 
contained two layers, an upper ether layer and a 
lower viscous layer, which was the Grignard addi- 
tion complex. This lower layer was hydrolyzed 
slowly with dilute hydrochloric acid, forming 
radioactive biphenyl-2-carboxylic acid, which dis- 
solved in the ether. The ether solution was sepa- 
rated, and the remaining water layer extracted 3 
times with 10-ml. portions of ether to recover any 
product in the water. These ether extractions were 
added to the original ether solution and the whole 
evaporated, leaving a pink solid of biphenyl-2-car- 
boxylic acid contaminated with biphenyl and 2- 
iodobipheny!l. 

Heating to boiling with dilute aqueous potas- 
sium hydroxide formed the potassium salt of the 
acid, which proved quite soluble in water. Since 
the impurities were insoluble in water, filtration 
of the hot solution removed them. Extracting the 
material on the filter paper with more dilute po- 
tassium hydroxide and washing with warm water 
insured a complete recovery of the acid salt. Acidi- 
fication of the filtrate precipitated the free acid. 
By again forming the potassium salt, filtering, and 
reacidifying, a pure compound, melting at 114° C., 
was obtained. 

In order to get a maximum yield of acid based 
on the carbon dioxide employed, the proportions 
set out previously are mandatory. A delicate bal- 
ance between the amount of Grignard reagent and 
the quantity of carbon dioxide was found to exist. 
Our greatest difficulty, however, was in getting 
enough carbon dioxide absorbed in the ether to 
fully react with the Grignard reagent. In most 
previous carbonations of this type, a large amount 
of ether was employed, as it was felt that this 
would allow for a greater absorption of carbon 
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dioxide. It was found, however, that a small 
amount of ether must be used, 1.e., Just enough to 
allow for stirring of the Grignard paste when cold. 
In this form, carbon dioxide was rapidly taken up. 
The yield and activity are given in Figure 1. 

Fluorenone-9-C'*, IV.—The biphenyl-2-carbox- 
ylic acid-C* (3.6 gm.) was placed in a 50-ml. Erlen- 
meyer flask containing the sulfuric acid (18.4 gm.) 
and surrounded by a water bath. The temperature 
of the bath was rapidly brought to 85° C. and was 
held at that point for 25 minutes. Pouring the con- 
tents of the flask into ice and water precipitated 
3 gm. of the yellow fluorenone. 

The yellow material was made alkaline with 
aqueous sodium hydroxide and warmed to 75° C. 
After cooling well with ice, the fluorenone was fil- 
tered off, leaving the sodium salt of any unreacted 
biphenyl carboxylic acid in the filtrate. Acidifica- 
tion of the filtrate, however, gave none of the acid. 

Fluorene-9-C™", V.—The fluorenone obtained in 
the preceding section was reduced to fluorene with 
zinc amalgam, prepared and used according to 
Martin’s (2) directions. 

Zinc amalgam (75 gm.), water (9 ml.), and hy- 
drochloric acid (21 ml.) were refluxed; and small por- 
tions of fluorenone, dissolved in ethanol (75 ml.), 
and hydrochloric acid were added alternately. Re- 
fluxing and stirring were continued for an addi- 
tional 7 hours, and after this time most of the yel- 
low color of the fluorenone had disappeared. 

Water was added to the decanted solution until 
the fluorene was completely precipitated. There 
was obtained 1.9 gm. of slightly impure fluorene 
that melted at 109°-111° C. This was used without 
purification for the next step. 

2-Nitrofluorene-9-C'4, VI.—The fluorene ob- 
tained as described above was dissolved in glacial 
acetic acid (17 ml.) and nitrated substantially as 
described in Organic Syntheses (1). The product 
was collected in a Gooch crucible and dried. The 
light yellow compound melted at 155°-156° C. The 
yield was 1.7 gm. 

2-Aminofluorene-9-C™*, VII.—Ethanol (46.7 
ml.), water (10.3 ml.), and calcium chloride (0.6 
gm.) were placed in a reflux apparatus, and nitro- 
fluorene (1.7 gm.) and zine dust (5.7 gm.) were 
added. The mixture was boiled vigorously for 5 
hours (1), filtered, and poured into water (114 
ml.). After standing overnight, the flocculent white 
precipitate was filtered and dried; the melting 
point was 125°—126° C., the yield, 1.3 gm. 

2-Acetylaminofluorene-9-C'*, V III.—The 2-ami- 
nofluorene (1.3 gm.) was dissolved in boiling ben- 
zene (7.5 ml.), and acetic anhydride (0.82 gm.) was 
dropped slowly into the refluxing mixture. 

The crude 2-acetylaminofluorene that precip!- 
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tated was dissolved in 12 ml. of ethanol, heated to 
boiling, and enough water was added to almost 
bring about a turbidity at the boiling point. Grad- 
ual cooling resulted in a pure white precipitate 
melting at 194°—195° C.; the yield was 1 gm. 


PREPARATION OF 2-ACETYLAMINOFLUORENE-w-C!4 


Acetyl chloride-2-C'*.— Radioactive sodium ace- 
tate with carbon 14 in the 2-position was ob- 
tained? in two 25-ml. sealed flasks, each containing 
0.5 me. These flasks were cut off 1 inch from the 
rounded portion and attached at B, Figure 3. 
First, however, a glass-inclosed metal bar and a 
thin capsule containing base sodium acetate (1.5 
gm.) had been placed in each flask. 

A cloth bag filled with crushed dry ice was 
placed on flask C, and the water bath at B heated 
to 55° C. Then, a few drops of phosphorus oxy- 
chloride (total 4.6 gm.) contained in the dropping 
funnel A were allowed to efter the system and 
react with the radioactive sodium acetate. A vigor- 
ous whipping of the magnetic stirring bar soon 
broke the thin glass capsule containing the inac- 
tive sodium acetate, and more phosphorus oxy- 
chloride was allowed to enter flask B. This re- 
sulted in a vigorous reaction producing ordinary 
acetyl chloride, which served to sweep the already 
formed radioactive acetyl chloride into flask C. 
In this way it was felt that a maximum amount of 
the radioactive acetyl chloride was obtained. The 
product boiling between 50° and 55° C. was col- 
lected. 

A second reaction identical to the one previously 
described was carried out. Consequently, all of the 
acetyl chloride was collected in flask C. A yield of 
70.1 per cent of acetyl chloride was consistently 
obtained in a number of trial runs prior to the 
radioactive run. As a result one might assume that 
the yield when using radioactive material should 
be the same, and it was accordingly listed as such. 
However, some difficulty was encountered in react- 
ing the phosphorus oxychloride with the radio- 
active sodium acetate, as the latter firmly adhered 
to the bottom of the flask. Consequently, more 
heat was applied to the radioactive run than in the 
trial runs. It is felt that a better reaction could 
have been accomplished by first breaking up the 
adhering sodium acetate with chips of glass. __ 

2- Acetylaminofluorene-w-C'*—Dry sodium bi- 
carbonate (2.0 gm.), benzene (40.0 ml.), and 2- 
aminofluorene (4.6 gm.) were placed in a 125-ml. 
Erlenmeyer flask, D, Figure 3. On gently refluxing, 
the aminofluorene dissolved, and the sodium bi- 
carbonate was finely dispersed. Stopcock C was 
then opened and the radioactive acetyl chloride 


2 From the Tracerlab. 


—- ~ ete - est ne Bias 4am sched sien niu 
a nig dak wots Meade ce ee ads Ge ARE : 











itrntene ee sar A chess FE PRES 











619 





allowed to run through the condenser into flask D. 
An immediate precipitate of 2-acetylaminofluor- 
ene-w:-C'4 resulted, but refluxing was continued for 
1 hour. The flask was cooled well with ice, and the 
AAF was filtered and dried. By adding ligroin to 


























Fic. 3.—Apparatus for the preparation of acetyl! chloride- 
g-C14, 


the filtrate, a small amount precipitated and was 
recovered. 

The melting point of the precipitate was 216°— 
220° C., which indicated principally impure 2- 
aminofluorene (AF) hydrochloride. Consequently, 
the solid was extracted with hot water to remove 
amine hydrochloride and inorganic materials. The 
m.p. was then 150°-165° C., indicating impure 
AAF. Pure AAF melts at 194° C. A second extrac- 








tion failed to improve the melting point, and there- 
fore the precipitate was recrystallized from aque- 
ous ethanol. This resulted in m.p. 172°-178° C. A 
second recrystallization failed to alter the melting 
point. It was felt that an equilibrium between AF 
and AAF existed. To shift this equilibrium, 0.3 
gm. of pure inactive 2-acetylaminofluorene was 
added, and recrystallization with aqueous ethanol 
now gave the pure compound, m.p. 194° C. The 
yield was 2.3 gm. or 41.1 per cent. The low yield 
resulted from the repeated recrystallizations, al- 
though some loss of the volatile acetyl chloride-2- 
C'4 may have occurred. In repeating the work it 
would be advisable to add the inactive acetyla- 
minofluorene before the first recrystallization. A 
sample containing 22 mg/cm? gave 10,600 count. 
per minute under the same conditions used for 
counting the other compounds. 


SUMMARY 


The synthesis of the following radioactive de- 
rivatives of 2-acetylaminofluorene has been de- 
scribed in detail: 


2-Acetylaminofluorene-9-C!4 
2-Acetylaminofluorene-w-C!4 
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The Distribution of Radioactivity following the Feeding of 
Carbon 14-labeled 2-Acetylaminofluorene to Rats"! 


Haroip P. Morris, Pu.D., Joon H. Weispurcer, Pu.D.,f aAnp 
EvizABETH K. WersBurGER, PH.D.{ 


(From the National Cancer Institute, Bethesda 14, Maryland) 


INTRODUCTION 

2-Acetylaminofluorene (AAF) is at present one 
of the most outstanding examples of a class of 
chemical carcinogens which, when fed to rats, in- 
duces tumors in a variety of organs and tissues. 
Studies of the distribution and excretion of AAF 
have been reported by Morris and Westfall (7). 
The tissues and excreta in their experiments were 
extracted with acetone, and the extracts were 
heated with dilute hydrochloric acid to hydrolyze 
any AAF or its complexes to 2-aminofluorene 
(AF). The AF was then diazotized and coupled 
with R-salt to form a dye which was estimated 
colorimetrically. This method requires the pres- 
ence of the aromatic amino group. Morris and 
Westfall could account, however, for only about 
one-third of the dose administered, indicating that 
an appreciable amount of the ingested AAF was 
transformed into metabolites which did_ not 
possess the aromatic amino group, or in which the 
group was firmly bound in complex linkages. The 
occurrence of chemical reactions of AF with simple 
body constituents such as pyruvic acid, as shown 
by Neish (8), also seems possible. Since it is not 
known whether AF or some metabolite functions 
as the primary carcinogen, it is of importance to 
be able to ascertain first the location of all ccm- 
pounds resulting from the metabolism of AAF. 

One excellent method for this purpose is to 
study the metabolic path of the carcinogen, 
labeled with C4 at a stable point in the molecule 


* Presented in part at the 117th Meeting, American Chemi- 
cal Society, Philadelphia, Pennsylvania, April 9-13, 1950, 
and the Forty-first Annual Meeting of the American Associa- 
tion for Cancer Research, Inc., Atlantic City, N.J., April 
16-18, 1950. 


+ The radio carbon used in this investigation was obtained 
on allocation from the United States Atomic Energy Commis- 
sion after being synthesized into 2-acetylaminofluorene by F. 
E. Ray and C. R. Geiser. 


t Public Health Service Research Fellow of the National 
Cancer Institute. 
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which would not be readily broken down during 
metabolism. Using radioactive tracer technics it 
would thus be possible to follow the administered 
material independently of possible transforma- 
tions occurring in the side chain or in other parts 
of the molecule. AAF with carbon 14 in the 9-posi- 
tion was synthesized by Ray and Geiser (9, 10) for 
such experiments. Furthermore, in order to in- 
vestigate the eventual role played by the acety! 
group, the distribution of radioactivity following 
administration of the carcinogen with carbon 14 
in the methyl group or w-position of the acetyl- 
amino side chain (10) was also studied. 





2 -ACETYLAMINOFLUORENE — 9 —c'4 


He 


2-ACETYLAMINOFLUORENE — w -— C!4 


. 
NHCOCH, 


It was thought that a study of the distribution 
of radioactivity from the labeled carcinogen might 
also make it possible to determine whether the 
incidence of distant tumors could be correlated 
with the relative concentration of a radioactive 
compound at certain sites in the body. This re- 
port gives some of the initial results thus far ob- 
tained in a series of studies on the distribution and 
metabolism of AAF now in progress in this labora- 
tory. 

PROCEDURE 

Young Buffalo (6) rats weighing between 77 
and 133 gm. were shaved in order to avoid subse- 
quent processing of the hair. Either one or the 
other labeled compound was administered by 
stomach tube in a propylene glycol solution at a 
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dose of 25 mg/100 gm of body weight. This pro- 
cedure provided for giving each rat a comparable 
dose based on the weight of the animal, and it 
paralleled as closely as possible the usual route of 
administration of the compound in tumor-produc- 
ing experiments. Propylene glycol was used as a 
vehicle, because AAF is more soluble in it than in 
a neutral fat such as coconut oil, thus permitting 
the administration of a greater amount of radio- 
activity ina smaller volume of vehicle. In addition, 
it was hoped that the miscibility of propylene 
glycol with water would result in more rapid ab- 
sorption, which was of importance in studying the 
distribution of the radioactivity during short- 
term experiments. 

The animal was placed in a metabolism cage 
(large desiccator, Corning No. 3120, 250 mm. in 
diameter, with air in- and outlets), so designed 
that feces, urine, and respired air could be col- 
lected separately (3). A stream of carbon dioxide- 
free air was drawn through the chamber and ab- 
sorbers at the maximum rate allowable by the 
latter (approximately 20 |/hour), and the respired 
CO, was collected by hourly increments in 75 ce. 
of a 1.5 per cent solution of NaOH. In one experi- 
ment air was drawn through the system for 1 hour 
after removal of the rat; a negligible amount of 
BaCO; was obtained upon precipitation. After the 
desired length of time the animal was removed 
from the metabolism cage; care was taken that 
any urine excreted as a result of handling of the 
animal was collected. The heart of the anesthetized 
animal was then punctured, and as much blocd as 
possible was withdrawn. The animal was dissected 
immediately, and the organs were minced, dried 
in vacuo at room temperature for 24-48 hours, 
and weighed. The carcass contained in a beaker 
was cooked in a stainless steel pressure cooker at 
15-lb. pressure for 90 minutes. The cooking facili- 
tated the quantitative separation of the bones frcm 
the muscle and other soft tissue. The process of 
separating the bones from the cooked carcass re- 
sulted in division of the carcass into small frag- 
ments. These were combined with the broth and 
dried in vacuo for 4-6 days and then ground in a 
mortar. In the meantime, the dried bones were 
broken into small fragments, the bone fat ex- 
tracted with ether, and the organs, tissues, and 
bones ground to a powder in a mortar. Suitable ali- 
quots were burned in duplicate by the wet com- 
bustion method of Van Slyke et al. (11) in a modi- 
fied Lindenbaum-Schubert-Armstrong (5) appa- 
ratus. The resulting duplicate samples of barium 
carbonate were counted! separately with a win- 


_ ‘We are grateful to Dr. J. C. Reid for the use of his count - 
ing equipment. 
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dowless gas-flow type counter (Nucleometer), and 
the activity expressed as the average count of the 
two samples. Four to six aliquots of the carcass 
were burned in order to reduce the sampling error. 
The specific activity of the carcass was low, but 
since it represented a very large portion of the 
entire rat, it was essential to have a very accurate 
‘arcass count to avoid the multiplication error. 


RESULTS 

The distribution of the radioactivity? in rat No. 
1, 2 hours after the administration of 2-acetyl- 
aminofluorene-9-C!4, is presented in detail in 
Table 1. As might be expected, most of the activity 
remained in the gastro-intestinal tract. Sizable 
amounts, however, were found in the liver, kid- 
neys, and urine. The amount of radioactivity 
found in the respiratory carbon dioxide was al- 
most negligible. Two hours after feeding, 82 per 
cent of the dose still remained in the alimentary 
canal, of which 68 per cent was in the stomach; a 
slight amount was detected in the caecum, while 2.5 
per cent had been excreted in the urine. The car- 
cass fraction accounted for 10 per cent of the total. 

Small, but detectable, amounts of radioactivity 
were found in all other organs and tissues exam- 
ined for activity except the pituitary gland. The 
amount of activity shown in these organs com- 
pared to the total activity is slight, but neverthe- 
less it does indicate where some of the activity, 
and, presumably, the AAF or its metabolic prod- 
ucts, are to be found as early as 2 hours after in- 
gestion. Bones, bone fat, and brain had the highest 
activity; heart, pancreas, lungs, and testes were 
next, while blood, spleen, bladder, eyeballs, 
Harderian and salivary glands, thymus, thyroid, 
and adrenals each showed less than 0.01 per cent 
of the activity. 

It can be concluded frcm these data that there 
is a very rapid absorption of a considerable quan- 
tity of the radioactivity administered as AAF- 
9-C14 and that there is a wide distribution of detect- 
able quantities of radioactive material throughout 
the body of the rat within a period of 2 hours fol- 
lowing ingestion. 

The same general distribution of radioactivity 
was found in another experiment 6 hours after ad- 
ministration of radioactive AAF-9-C'*. Less was 
found, however, in the liver and a higher per- 
centage in the kidney and urine than was found 
2 hours after administration, showing that urinary 


2 Activity as used herein, unless otherwise indicated, refers 
to the percentage of the total activity recovered. The recovered 
activity ranged from 95 to 98 per cent of the administered 
activity. Therefore, the data can be regarded as also showing 
essentially the percentage distribution of administered activity. 
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salivary glands were intermediate, and_ the 
spleen, bladder, ovaries, uterus, eyeballs, thyroid, 
and adrenals contained the least activity. No 
measurable activity was found in the pituitary or 
in the body fat. 

AAF-w-C! was administered in a third experi- 
ment, and a necropsy was performed on the ani- 
mal 6 hours later. A fairly widespread distribution 
of appreciable amounts of radioactivity was found, 
as shown in detail by the data for rat No. 3 in Table 
1. Six per cent of the total activity was recovered 
in the respired carbon dioxide, whereas no ap- 
preciable amount was recovered 6 hours after 
AAF-9-C!* was administered. The 6-hour urine, 
on the other hand, was less active after administra- 
tion of the side chain-labeled compound than 


excretion occurs rapidly (Table 1, rat No. 5). As 
in the previous experiment, the activity of the 
respiratory carbon dioxide was negligible. The 
Harderian gland had a relatively high specific 
activity. The data are summarized graphically for 
rat No. 5 by the solid bars in Figure 1. Approxi- 
mately 88 per cent of the activity was found in 
the alimentary tract 6 hours after administration, 
slightly more in the stomach than at 2 hours, less 
in the small intestine, but more in the caecum and 
urine, while there was less activity in the carcass. 
The liver activity was less at 6 hours than at 2 
hours, but the activity of the kidneys was higher. 

Of the remaining organs and tissues, blood, 
bones, and bone fat contained the most activity: 
the heart, pancreas, lungs, brain, Harderian and 


TABLE 1 


DISTRIBUTION OF RADIOACTIVITY IN THE RAT AFTER ORAL ADMINISTRATION OF A 
PROPYLENE GLYCOL SOLUTION OF C!4-LABELED 2-ACETYLAMINOFLUORENE 
RaT NO. 1, Wt. 77 GM., 2 HRs. RaT No. 5, 


1.60 ML. SOLUTION 
19.31 mc. AAF-9-C!4 


RaT no. 3, wt. 133 GM., 6 HRs. 
2.78 ML. SOLUTION 
33.39 ma. AAF-w-C!4 


wT. 110 GM., 6 HRs. 
1.10 ML. SOLUTION 
27.45 mc. AAF-9-C!4 











Per cent Per cent Per cent 
total total total 
Total c./min/mg_ recov- Total c./min/mg recov- Total c./min/mg recov- 
c./min dry tissue ered c. c./min dry tissue ered c. c./min dry tissue’ ered e¢. 
Stomach* 1,410,000 896 67.5 2 320,000 9,941 4190.3 106 , 000 545 5.52 
Small intestine* 298 , C00 240 14.3 213,000 197.0 6.91 1,130,000 865 58.9 
Caecum* 3,740 10.2 0.18 169 , 000 293 5.49 4,000 7.1 0.21 
Large intestine* 3,530 22.9 0.17 516 2.5 0.02 4,590 18.1 (). 24 
Respiratory CO, 140 0.15 0.007 510 0.07 0.02 116,000 23 .0 6.04 
Urine 47 ,300 6. OT 2.26 207 , 000 1,529 6.72 23 , 200 10.87 1.21 
Feces 219 18.4 0.01 
Liver 45,900 32.9 2.20 21,500 io. 0.7 122,000 59.4 6.35 
Kidney 10,800 46 4 0.52 34,100 114 1.11 12,500 36.9 0.65 
Lungs 5,400 32.8 0.26 377 2.8 0.01 4,670 27.9 0. 24 
Bladder 1,640 90.4 0.08 98 5.5 0.003 3,220 31.5 0.17 
Uterus 77 2.2 0.002 4,420 27 .0 (). 23 
Embryos 2,080 22.3 0.11 
Heart 2,560 21.1 0.12 578 4.57 0.02 2,900 18.5 0.15 
Blood 1,480 16.6 0.07 3,040 6.47 0.1 3,240 10.1 0.17 
Spleen 1,260 26.9 0.06 146 2.44 0.005 2,030 26.5 0.11 
Eyeballs 231 4.S 0.01 77 2.0 0.002 370 0.8 0.02 
Brain 11,700 $2.3 0.56 643 2g 0.02 15,700 45.9 0.82 
Bones (defatted) 8,440 3.7 0.40 2 , 220 0. 44. 0.07 22 , 200 4.4 1.16 
Bone fat 9,730 27 .0 0.47 2,600 3.34 0.08 3,590 5.7 0.18 
Abdominal fat 0 0 0.0 42,400 11.3 2.21 
Pancreas 4,600 31.1 0.22 720 2 21 0.02 4,600 30.9 0). 24 
Ovaries 93 2.9 0.003 776 16.3 0.04 
Testes 4,800 16.8 0.23 
Thymus 813 18.6 0.04 161 2.47 0.005 1,600 10.4 0.08 
Thyroid 48 13.3 0.002 11 4.7 0.0003 43 ao.5 0.002 
Pituitary 0 0 0.0 0 0 0.0 55 34.3 0.003 
Adrenals 346 33.9 0.02 37 :.3 0.001 391 21.1 0.02 
Harderian glands 1,580 34.2 0.08 436 7.5 0.014 14,800 707.0 0.77 
Salivary glands 1,900 23 .1 0.09 253 2.2 0.008 4,530 32.9 (). 24 
Carcass 210,000 13.6 10.1 103 , 000 3.8 3.34 269 ,000 8.6 14.0 
TOTAL RECOVERED 
COUNTS: 2,090 , Coot 3,080, 000§ 1,920, 000f 
TOTAL ADMINISTERED 
COUNTS: 2,200 , 000T 3,220 ,000§ 1,950 ,000f 
Recovery: 95 96 98 


* And contents. 


+ As collected, not dried. 
t 1 count/min = 3.09 disintegrations/min. 
$ 1 count/min = 2.99 disintegrations/min. 
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after the 9-C!4 compound. Many of the organs 
and tissues of the rat which received the acetyl- 
labeled AAF contained several times the amount 
of radioactivity found with the AAF-9-C', as 
contrasted graphically by the data in Figure 1. 
Much more activity from the acetyl-labeled AAF 
was also found in the small intestines plus con- 
tents, in the liver, carcass, and the total for all 
other organs and tissues, while less activity was 
present in the kidney and caecum and contents. 

The bones, body fat, bone fat, brain, blood, 
uterus, and Harderian and salivary glands had 
higher activity 6 hours after the acetyl-labeled 
compound was given than after administering the 
AAF-9-C!*. The data definitely show a different 
distribution of activity between the 9-C' and the 
acetyl-labeled AAF. 

The influence of stomach contents upon absorp- 
tion of AAF was disclosed in one experiment. At 
necropsy the stomach of this rat was full of paper 
toweling and food, which the animal had ap- 
parently eaten during the night prior to ad- 
ministration of the carcinogen. Most of the activ- 
ity still remained in the stomach 6 hours after ad- 
ministration; very little had been distributed in 
the organs, although somewhat more had been 
excreted in the urine than was excreted by the 
6-hour rat given the acetyl-labeled AAF. 


DISCUSSION 


The results with the 9-labeled AAF showed that 
excretion took place rapidly, beginning within 2 
hours after administration. The negligible amount 
of radioactivity in the respired carbon dioxide 
up to 6 hours indicates that the metabolic trans- 
formations do not oxidize the 9-carbon atom to 
carbon dioxide to any appreciable extent during 
this period. 

The excretion in the breath of 6 per cent of the 
‘adioactivity from the w-labeled AAF within 6 
hours, compared to only a trace found in the rat 
given the AAF-9-C'4, points to an outstanding 
difference in the distribution of activity between 
the 9-labeled and the w-labeled AAF. The acetyl 
group apparently was split off from the rest of the 
molecule and was probably incorporated into the 
body acetate pool, where it was, in part at least, 
rapidly metabolized to carbon dioxide. While 
Wilson et al. (12) and Bielschowsky (1) infer that 
the acetyl group is readily removed by hydrolysis 
im vwo, it is believed these experiments furnish 
direct proof of its occurrence. 

The contrast between the distribution of radio- 
activity following feeding of 9-labeled and the 
w-labeled AAF is brought out in Figure 1. The 
relatively higher radioactivity of the body fat in 
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the rat given the latter compound may also 
signify that some of the acetate originating from 
the hydrolysis of the side chain is incorporated 
into adipose tissue. 

The further observation, at 6 hours, that more 
activity was present in the urine and less in several 
other organs and tissues when AAF-9-C! than 
when AAF-w-C' was administered may permit 
speculation concerning a possible mechanism in- 
volved. If it is assumed that deacetylation is the 
first step in the metabolism of AAF, followed sub- 
sequently by different pathways of metabolism of 
the two fragments, one might expect the acety] 
group to enter the body acetate pool and be dis- 
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Fic. 1.—The distribution of radioactivity 6 hours after 
administration of AAF-9- and -w-C!4. 


tributed more generally in the organs and tissues 
with less excreted in the urine. On the other hand, 
that portion of the molecule containing the aro- 
matic nucleus might be excreted in the bile with 
reabsorption occurring from the intestinal tract 
and subsequent excretion of considerable amounts 
in the urine. 

An explanation for the induction of some of the 
AAF-induced distant tumors is suggested by the 
high specific activity of the Harderian gland. This 
might be related to the occurrence of eye tumors 
(2, 6). It seems likely that the presence of high 
concentrations of AAF or some metabolite in cer- 
tain tissues or organs only a few hours after inges- 
tion may be the inciting factors for carcinogenesis 
therein, especially if a high level of the compound 
is maintained at such sites during prolonged 
feeding. 

The widespread distribution of radioactivity, 
as an indicator of the carcinogen or its metabolic 
products, might explain the appearance of tumors 
in many parts of the body. This can be opposed 
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to a locally acting carcinogen such as 1,2,5,6- 
dibenzanthracene, which is found to be excreted 
very rapidly through the liver-bile-intestinal tract 
and feces (4). An appreciable amount remains at 
the site of administration only when the material 
is injected subcutaneously. 

Although there is at present no explanation for 
the apparently higher concentration of radioactiv- 
ity in many tissues of the 2-hour as compared to 
the 6-hour rat receiving the 9-C!*-labeled com- 
pound, the findings seem to corroborate those of 
Morris and Westfall (7), who found, by means of a 
chemical method, maxima of concentration of 
AAF in the first few hours after administration. 


SUMMARY 


The distribution of radioactivity was studied in 
rats following oral administration of a single dose 
of 2-acetylaminofluorene-9-C' at 2 and 6 hours, 
and 2-acetylaminofluorene-w-C" at 6 hours. 

A considerable quantity of the administered 
radioactivity of 2-acetylaminofluorene-9-C' was 
absorbed within 2 hours, with detectable quanti- 
ties present throughout the body of the rat. A 
wide distribution of radioactivity was also noted at 
6 hours, after administration of either compound. 
However, the path taken by the radioactivity of 
the 9-labeled compound was different from that of 
the methyl-labeled derivative. Less of the latter 
was excreted in the urine, and more was found in 
the organs and tissues. 

Six per cent of the administered radioactivity 
from 2-acetylaminofluorene-w-C!* was eliminated 
in the breath within 6 hours, while negligible 
amounts of radioactivity from the 9-C14-labeled 
compound were expired during the same period, 


————— 


Ls 


which supports the view that the acetyl group of 
2-acetylaminofluorene is split off by the rat, at 
least in part, and metabolized independently of 
the remainder of the molecule. 
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A ‘Iransplantable Nephroblastoma (Wilms’ Tumor) and Other 
Spontaneous Tumors in a Colony of Rats 


CHARLES I. Otcotrr, M.D. 


: (From the Department of Pathology, The New York Hospital, Cornell Medical Center, New York, N.Y.) 


: | INTRODUCTION Rat A (Table 1), in which the nephroblastoma 

One of the most distinctive and widespread developed, was a member of the eighteenth filial 
types of the so-called “mixed tumors” is the renal generation of the inbred family and received 
neoplasm, first reported by Wilms in 1899 (10), 1:1,000 silver nitrate solution by mouth before 
and perhaps best described as a nephroblastoma. and after nephrectomy, instead of water. The left 
This tumor is found in chickens (3, 4), swine (3), kidney was removed when the rat was 2 months 
cattle (3), rabbits (1, 8, 9), and rats (2), as well old; one kidney was removed with or without re- 
asin man. In spite of many attempts to transplant duction of the other one in sixteen additional rats, 





TABLE 1 
INCIDENCE OF TUMORS 
Tumors 
Sex and age No. of au- No. of in rat 
(months) topsies tumors (no.) Type of Tumor 
Male rats: 
: Under 6 73 l A*{ Nephroblastoma 
) 7-12 57 0 
| 13-18 71 1 F*} Fibrosarcoma of pelvis 
19-24. 46 Q G*t Myxoma near salivary gland 
H* Sarcoma of lung 
25-30 17 0 
Female rats: 
Under 6 52 0 
7-12 42 l J7 Fibrosarcoma of leg 
13-18 76 3 Ky Myosarcoma of uterus 
L* Malignant lymphoma in retroperitoneal! 
tissues, liver and lung 
M*+ Myelogenous leukemia 
19-24 62 Q N*T Lymphangioma of neck 
25-30 10 0 P Angioendothelioma under skin of neck 


* Animals given dilute solutions of silver salts instead of drinking water. 
t Animals of closely related family group. 








this tumor (2), no report of a successful transfer TABLE 2 
is available. The tumor to be described was trans- PERCENTAGE INCIDENCE OF TUMORS 
planted in series. Total no. Total no. Percentage 
Groups of rats autopsies tumors of tumors 
METHODS AND RESULTS Males 264 4 15 
Females 242 6 2.5 
The nephroblastoma was one of ten clearly de- Rats receiving silver 306 ~ 2 3 
fined neoplasms found, with a number of non- Rats receiving water 200 3 1.5 
neoplastic hyperplasias, among about 500 rats — send te ; 7 
examined at autopsy. It will be seen from Tables 1 ery en we © 506 10 20 





' and 2 that neither the ingestion of silver by about 

| three-fifths of the rats (5-7) nor the consan- but no tumor developed in them. The rat was well 

guinity induced by brother-sister mating of a for 70 days after the operation, at which time the 

family of the Sherman-Mendel strain of white rat weight had decreased from 246 to 210 gm., and 

for eighteen filial generations appreciably affected the animal became listless and was killed. 

the incidence of neoplasms. Microscopically, the tumor abutted on the renal 
Received for publication May 16, 1950. 
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pelvis at one point. In other places there was a 
smooth line of division between the tumor and the 
normal renal parenchyma, with a thin but definite 
fibrous capsule between them. The opposite edge 
of-the mass was very poorly defined, and many 
nests of characteristic tumor cells invaded the 
surrounding tissue. This surrounding area was 
composed of areolar and fibrous tissue in which 
were areas of edema, hemorrhage, and necrosis. 
The tumor (Fig. 1) was arranged in moderate- 
sized to very large nests; these were separated 
from one another by strands of normal-appearing 
fibrous tissue, which were often invaded by indi- 
vidual anaplastic cells representing the sarcoma- 
like elements of the tumor to be described. The 
sheets of tumor cells (Fig. 2) were largely com- 
posed of cells of ovoid to spindle shape, with pale 
cytoplasm and vesicular nuclei in which there 
were no conspicuous masses of chromatin. Mitoses 
were present in small numbers. In addition to the 
sarcomatous cells, there were numerous tubular 
structures (Fig. 3). These hollow areas were lined 
by cells in regular palisade arrangement. Except 
for this arrangement, these cells were very similar 
in appearance to the main cellular component of 
the tumor. Some of the tubular structures had a 
slight resemblance to primitive glomerull. 

A portion of the tumor from rat A was ground 
with a pestle and mortar. About 3 cc. of the result- 
ing cloudy suspension was injected into the sub- 
cutaneous tissue and into the peritoneum of rat B, 
a male litter-mate of A, who had never received 
silver solution. A subcutaneous mass was first rec- 
ognized 37 days after inoculation, and the rat was 
killed 95 days after inoculation, when apparently 
in good health except for the mass. At autopsy, 
many nodules of tumor tissue in the peritoneum 
were observed, some as much as 3 cm. in diam- 
eter. Some of them were adherent to the liver. 

Microscopically (Fig. 4), the tumor again con- 
sisted of large sheets that invaded edematous 
areolar tissue which contained lymphocytes in 
moderate numbers. None of the tubular structures 
described in rat A were noted in Rat B. The sar- 
coma-like cells of this transplanted tumor seemed 
in some places to be slightly longer and thinner 
than those of the original tumor, but they were in 
other respects indistinguishable from them. 

Material from the tumor in rat B was ground, 
strained through gauze, and inoculated into three 
rats—C, D, and E. 

Rat C was a male litter-mate of rats A and B, 
who had never received silver solution; at 7 
months of age this rat was inoculated with 1 cc. of 
tumor suspension into the peritoneum and 0.5 ce. 
into the thigh. The abdomen enlarged greatly, 
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and the animal became lethargic and was killed 
45 days after the injection. There were many light 
gray to red pedunculated masses up to 2 em. in 
diameter in the peritoneum, and microscopic foci 
of invasion of the liver and spleen. The tumor 
(Fig. 5) was identical with that in rat B. The site 
of intramuscular injection in the thigh showed no 
tumor on gross or microscopic study, but there 
was some necrosis and calcification. No attempt 
was made to transmit this tumor of the second 
transplanted generation further. 

Two other rats of an entirely unrelated stock 
were inoculated with tumor material from rat B 
at the time that rat C was injected. Rat D, a fe- 
male about 5 months old, was injected intraperi- 
toneally with 1 cc. of tumor suspension. There was 
no gain of weight or abdominal swelling. When 
this rat was killed 67 days later, the peritoneum 
was shiny and there was no evidence of tumor. 

Tumor material from rat B was injected into 
the thigh muscles of rat E, a female about 5 
months old. There was no sign of tumor at au- 
topsy 67 days later. 

COMMENT 

The cells of the tubular and sarcoma-like areas 
of the original tumor appeared identical, except 
for their different arrangement. In the _ trans- 
planted and retransplanted tumor, the cells were 
found only in sarcomatous arrangement. It is 
postulated that the whole complex tumor arose 
from one type of cell and is “mixed” in the mor- 
phological, but not in the embryological, sense. 

It appears significant that this tumor was 
transplantable only to closely related animals. 


SUMMARY 


A spontaneous nephroblastoma with sarcoma- 
tous and tubular elements arose adjacent to the 
remaining kidney of a rat from which one kidney 
had been removed. The tumor was transplanted 
to a second, and retransplanted to a third, closely 
related rat. In both cases, the cells of the trans- 
mitted tumor were uniformly sarcomatous. The 
tumor could not be transplanted to unrelated rats. 
Nine other spontaneous tumors are cited. 
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Fic. 1.—Original nephroblastoma in rat A showing ad- Fic. 4.—Sarcoma-like area from first transplanted tumor 
jacent tubular and sarcoma-like structure. X 225. in rat B. * 1,080. 

Fic. 2.—Detail of sarcoma-like area of tumor in rat A. Fig. 5.—Sarecoma-like area from second transplanted 
xX 1,080. tumor in rat C. X 1,080. 

Fic. 3.—Detail of tubular area from rat A. X 1,080. 
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Beryllium and Growth 





I. Beryllium-induced Osteogenic Sarcomata” 


M. B. Hoacuanpo, M.D., R.S. Gritr, M.D., ann M. B. Hoop, A.B. 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of Harvard University, 
Massachusetts General Hospital, Boston, Massachusetts) 


The pathological changes in animals resulting 
from the administration of compounds of the ele- 
ment beryllium are receiving increased attention 
because of the widespread use of the metal in in- 
dustry and the resultant pulmonary and derma- 
tological diseases in industrial workers. 

Great impetus was given to the biochemical 
study of this metal by the important discovery in 
1946 by Dr. Leroy Gardner that the intravenous 
administration of certain beryllum-containing 
powders to the rabbit led to the development of 
osteogenic sarcomas (3). The untimely death of 
Dr. Gardner prevented publication of the exten- 
sive data from this work. Since the time of his 
original observations, the production of these tu- 
mors has been confirmed in this laboratory, and it 
is felt that a brief account of the findings is war- 
ranted to emphasize the importance of beryllium 
in the field of cancer research. 


METHODS 

The following compounds were used for injec- 
lion after being finely ground in a ball mill for 8 
hours. These powders are virtually insoluble in 
walter. 

1. Berylhum phosphate. A 0.1 per cent suspen- 
sion in saline was administered to five rabbits. 

2. “Zine-beryllium-silicate,” a fluorescent pow- 
der containing the oxides of zine (60 per cent), 
silicon (30 per cent), manganese (2 per cent), and 
beryllium (2.3 per cent), as well as traces of other 
metal oxides (SE-10). Six rabbits received this 
powder as a 1 per cent suspension in saline.! 

%. A similar material containing 14 per cent 
beryllium oxide and 48 per cent zine oxide (SE- 
6-21). This was given to four animals as a 1 per 
cent suspension in saline.! 


* This is publication No. 704 of the Cancer Commission of 
Harvard University. This work was done under U.S. Atomic 
Energy Commission Contract AT(30-1)609 and, in part, 
under U.S. Navy Contract N65 ori-76. 
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4. Beryllium oxide. Four animals received C.P. 
beryllium oxide (Kimer and Amend), and five re- 
ceived a beryllium oxide preparation used by 
Dr. Gardner in his experiments, both as 1 per cent 
suspensions in saline.! 

Twenty-four rabbits of unselected strains, 19 
females and 11 males, with an average initial 
weight of 55 pounds, were used as experimental 
animals. They were kept in wire cages and fed 
Purina Rabbit Meal and lettuce. 

The powders were injected under sterile pre- 
‘autions into ear veins, in doses of 5 ee. at 1-day 
or at 4-day intervals, in an attempt to administer 
a total of 1 gm. of powder. 


RESULTS 
Seven of the 24 rabbits developed osteogenic 
sarcomas, and one (which received 100 mg. of 
beryllium phosphate) is living and well 23 years 
after injection. Of the sixteen remaining rabbits, 
eight died within 3 months of the start of injee- 
tions, of a multiplicity of causes not related di- 
rectly to beryllium; and eight died from 14 to 28 
months after injections. Most of this latter group 
had extensive fungus disease of the ears, compli- 
cated by pneumonia—the usual cause of death; 
and seven that had received beryllium oxide had 
fibrotic changes in the liver, a lesion which is de- 
scribed below. The relation of this lesion to mor- 
tality cannot be evaluated from the data. 
The pertinent data on the seven animals which 
developed tumors are presented in Table 1. 
Description of disease and pathological findings. 
~There was no apparent correlation between the 
type and the amount of material injected, the sex 
of the animal, and the degree of malignancy of the 
tumor. The data suggest that, in this study, beryl- 
lium oxide was less effective in producing tumors 
than the zine-beryllium silicate. The failure of 


1 We wish to thank the Saranac Laboratories for generously 
supplying these materials. 
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beryllium phosphate to induce tumors was prob- 
ably due to the small quantity used. 

The earliest signs of the disease were usually : 
precipitous drop in body weight, accompanied by 
marked crippling and by trophic changes in the 
skin of the affected extremity. Among the animals 
which died spontaneously or which were killed 
when obviously near death, the duration of symp- 
toms and positive x-ray findings was from 1 to 2 
months. X-rays were taken during the injection 
period and 6 months later, and after that as indi- 
cated by evidence of weight loss or other signs of 
sarcoma. The x-rays clearly demonstrated the in- 
ception and progression of the lesions (Figs. 1, 2, 
and 3). 
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This phenomenon may be seen in the upper end 
of the humerus of rabbit No. 7, on the side oppo- 
site the tumor (Fig. 2). This change was not 
noted in the group which did not develop sarco- 
mas, nor was there any evidence that it repre- 
sented a premalignant change in the sarcoma 
group. 

At death, the rabbits were always extremely 
emaciated (sometimes weighing only about one- 
half their maximum weight). The primary tumors 
were Obvious on superficial examination and had 
usually completely compromised the function of 
the extremity. The cut surface of the tumors was 
Osseous in some cases (No. 98), whereas in others 
it showed no gross evidence of calcification (No. 


TABLE 1 


SUMMARY OF PERTINENT DATA ON THE SEVEN TUMOR-BEARING RABBITS 


Amount of — Injection Latent Site of 
Rabbit compound period period primary 
(No.) Compound (mg.) (weeks) (months) tumor Metastases 
5 ZnBesSiO, 850 8 13 Femur Lungs, skull, and ribs 
(2.3 per cent BeQ) 
6 ZnBeSiO, 450 8 24 Femur None discovered 
(2.3 per cent BeO) 
7 ZnBeSiO , 600 9 15 Humerus Lungs, ribs, liver, kidney, skin, and 
(2.3 per cent BeQ) omentum 
11 ZnBeSi0, 200 0.5 11 Tibia Lungs, liver, kidney, and omentum 
(14 per cent BeQ) 
21 ZnBeSiO0 ; 250 2 21 Femur Lungs, liver, kidney, and omentum 
(14 per cent BeQ) 
22 ZnBeSiO ; 230 2 17 Femur None discovered 
(14 per cent BeQ) 
98 BeO 1,000 16 20 Ischium A few tiny nodules in liver and 
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Fic. 1.—Rabbit No. 5. A. X-ray 18 months after injections. 
An early sarcoma may be seen on the medial condyle of the left 
femur; B. 1 month later the tumor has grown to immense pro- 
portions, and extensive metastases were visible in the lungs at 
this stage. 


In two instances (rabbits Nos. 22 and 7), there 
was evidence of localized increase in long-bone 
density and even obliteration of the marrow cavity 
in regions other than the site of origin of the tumor. 





lungs 


21). There were all gradations between these ex- 
tremes. Areas of necrosis and hemorrhage were 
frequent. Note the extensive involvement shown 
in Figure 4. 

Microscopically, these tumors were highly in- 
rasive in appearance, and the shaft of the bone at 
the site of origin was sometimes completely de- 
stroyed. Very little cellular or fibrous reaction to 
the tumor was noted. The cellular picture was 
that of osteogenic sarcoma, varying from extreme 
anaplasia to well differentiated, bone-forming 
tumor. Anisonucleosis, nuclear hyperchromatism, 
increased mitotic activity, accumulations of mult- 
nucleated giant cells, and some evidence of bone 
matrix formation were present in almost all sec- 
tions. The accompanying figures (5, 6, and 7) are 
self-descriptive. Metastatic areas were generally 
less differentiated than the primary tumor. 

The livers from all animals which had received 
beryllium oxide, and to a lesser extent from the 
silicate-injected animals, showed a fine white mot- 
tling throughout which coalesced at the liver edges 
and in the septa into bright white contracted areas 











_ Fie. 2.—Rabbit No. 7. A. X-ray 15 months after the in- 
jection of beryllium—note the extensive destruction of the 
humerus by the sarcoma and the increased density of the 
bone of the upper half of the opposite humerus; B. numerous 


metastases are evident in the lungs, liver, and the peritoneal 
‘avity. 


Fic. 3.—Rabbit No. 98. A. Early sarcoma appearing on 
the ischial tuberosity 20 months after the injections; B. 1 
month later the tumor has reached a large size. Very early 
metastases were found at autopsy. 
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(Fig. 8). Microscopically, accumulations of portal 
fibrous tissue, proliferation of bile duct epithelium, 
and collections of amorphous particulate material 
(which appeared to be the injected powder) were 
evident (Fig. 9). Similar accumulations of particles 
were found in the spleen. These changes were as 
commonly found in those animals which failed to 
develop tumors as in those which developed 
tumors. 

One rabbit (No. 95), which received beryllium 
oxide but did not develop a tumor, had a small 
spleen, the Malpighian corpuscles of which were 





Fic. 4.—Rabbit No. 7. Lungs, liver, kidneys, and the pri- 
mary tumor removed to show the massive involvement char- 
acteristic of these tumors. This photograph was taken ap- 
proximately 6 weeks after the first appearance of symptoms. 


filled with large, multinucleated giant cells. These 
cells were loaded with particles (Fig. 10). 
Transplantation —Several attempts were made 
to transplant the sarcoma tissue. Using aseptic 
precautions, fresh tissue was cut into small pieces 
in saline and implanted in the fellowing sites: 
tumor tissue from one rabbit was introduced by 
trocar directly into the distal femoral marrow 
cavity of two normal rabbits; tissue from two other 
tumors was introduced into the anterior chamber 
of the eyes of four guinea pigs and also under the 
skin of two rabbits: finally, tissue from another 
rabbit was implanted into the anterior chamber 
of a normal rabbit’s eyes. All these transplanted 
tissues failed to grow. 
Alkaline phosphatase studies.—Alkaline phos- 
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phatase determinations on tissues and serum were 
done in a manner similar to that described by 
Franseen and McLean (2), with minor modifica- 
tions.” Studies on activation and inhibition of the 
enzyme were performed as described in a previous 
paper (4). A selection of relevant data on tumor- 
bearing rabbits is presented in Table 2. 

The range of serum alkaline phosphatase ac- 
tivity in six rabbits (four rabbits which never de- 
veloped tumors and two rabbits in the pre-tumor 
stage) was 0.4—2.1 units per cubic centimeter of 
serum. In the two animals in which phosphatase 
determinations were done when the sarcoma was 
just visible by x-ray (Nos. 6 and 7), the values 
were slightly but significantly elevated. There- 
after, there was a rapid and dramatic rise in ac- 
tivity, which seemed to parallel the extent of 
metastases rather than the size of the primary 
lesion. There was no rise in serum phosphatase in 
animals with no tumor. 

Tissue alkaline phosphatase determinations re- 
vealed a high activity in the tumor tissue in every 
instance (Table 2). The areas of dense bone de- 
scribed earlier and of bone adjacent to the tumor 
showed significant elevations in activity. 

Because of the known inhibitory effect of beryl- 
lium upon the activity of alkaline phosphatase 
(1, 4, 5), a study of the effect of beryllium upon 
the phosphatase of this particular tumor was 
undertaken. The results of this study clearly 
showed that the glycerophosphatase of dialyzed 
Be-sarcoma extracts was activated by magnesium 
and inhibited by beryllium in a manner identical 
with that described for other tissues (4) over a pH 
range of from 7 to 10. 


DISCUSSION 


The production of an extremely malignant tu- 
mor with a simple metallic oxide is of fundamental 
importance in the field of cancer research. That 
beryllium itself is a true sarcomagenic agent 1s 
strongly suggested by the fact that, as shown, by 
Gardner (3), beryllium phosphate, as well as the 
oxide and silicate, is an effective tumor inducer. 
It is not known whether a local physical irritation 
factor contributed by an insoluble powder is an 
adjuvant to the chemical action of ionic beryllium. 
Soluble salts of beryllium have not produced tu- 
mors, but to do this would involve long-term 
injections of beryllium in small doses, a tedious 
procedure which has not been undertaken. Beryl- 
lium compounds have been injected into rabbits, 
rats, and guinea pigs, and of these the rabbit 1s 
apparently the only susceptible species. Elucida- 


2D. M. Tibbetts, unpublished material. 


Fic. 5.—Rabbit No. 7. A section of a kidney me- Fic. 7.—Rabbit No. 98. A miliary metastatic nodule in 
tastasis showing tumor tissue invading the kidney cortex _ the liver. This was one of the few metastases found in this 
and laying down some bone matrix. X 100. animal and was derived from a primary lesion which was 

Fic. 6.—Rabbit No. 21. Metastatic area in the liver il- more differentiated than most of the other tumors. X 100. 


lustrating a high degree of anaplasia. Note the giant cell, 
anisonucleosis, and hyperchromatism. X 600. 
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Fic. 8.—Rabbit No. 20. Gross specimen of the fresh liver 
showing the dense white contracted areas of fibrous tissue, 
in the meshes of which were found what appeared to be de- 
posits of injected powder. 
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Fic. 9.—Rabbit No. 98. Section of the liver depicting the 
early fibrotic changes and what appear to be beryllium oxide 
deposits in the portal area. This type of lesion apparently 
eventuates in the picture seen in Figure 8. < 100. 


tion of the metabolic differences between the rab- 
bit and other mammals might shed light on the 
mechanism of the response. 

The only well defined biochemical action of 
beryllium known at this time is its inhibition of 
alkaline phosphatase in vitro. This phenomenon 
occurs with concentrations of beryllium low 
enough (10~‘ mM) to suggest its possible impor- 
tance zn vivo. The fact that phosphatase in sarcoma 





Fic. 10.—Rabbit No. 95. Section through the Malpighian 
corpuscle of the spleen showing scattered foci of particulate 


material, and a large giant cell containing much of the powder. 
xX 600. 


is inhibited by beryllium in a manner similar to 
normal bone phosphatase suggests that this en- 
zyme is not altered in its properties. However, our 
criteria for characterizing phosphatases are sO 
limited that it is impossible to say at this time 
whether or not the enzyme is different. The finding 
does not exclude the possibility, however, that the 
action of beryllium upon normal bone phosphatase 
may have been initially important in; tumor In- 
duction. Elucidation of the mechanism involved 
here must await clarification of the significance of 
phosphatases in general. Evidence is accumulating 
that beryllium has no similar inhibitory effect 
upon a wide variety of other essential magnesium- 
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TABLE 2 * 
SERUM AND TISSUE ALKALINE PHOSPHATASE ACTIVITY IN TUMOR-BEARING RABBITS (UNITS*) 
SERUM Tissurk 
During At ap- Bone Metastatic site 
Rabbit injection pearance At Dense or 
(No.) period of tumor death Normal near tumor Tumor Normal Metastasis 
5 5.1 12.6 1.0 2.4 130.0 1.5 (liver) 16.4 (lung) 
6 0.9 0.5 
q 2.9 201.3 2.3 66.1 33.3 (lung) 
99.5 (liver) 
108.0 (kidney) 
11 0.6 12.9 254.0 2.5 (liver) 179.3 (liver) 
8.0 (kidney) 
21 8.4 
99 8.6 92.6 
98 1.5-0.4 5.9 23.7 


* Milligrams P split per 100 cubic centimeters of serum or 1 gm. of tissue in 1 hour at 37° C. and pH 9.0. 


activated enzymes, and there is a growing respect 
for the importance of phosphatases in_ protein 
metabolism and the growth processes. One might 
assume that the phosphatases control the level of 
organic phosphates which store energy for syn- 
thesis and that any agent which selectively in- 
hibits the hydrolytic action of these enzymes 
might be expected to increase synthetic activity. 
However, evidence is now appearing (6) that alka- 
line phosphatase has the ability to transfer phos- 
phate from one organic molecule to another, an 
effect which might have the opposite significance 
in synthesis. 

It is the purpose of the present investigations in 
these laboratories to correlate such specific bio- 
chemical actions as these with a variety of growth 
responses to this metal. 


SUMMARY 


1. ‘Twenty-four rabbits were injected with in- 
soluble beryllium compounds, and seven animals 
developed osteogenic sarcomas in from 11 to 24 
months after injection. These tumors were highly 
malignant and metastasized rapidly. Seven other 
injected rabbits—apparently dying of unrelated 
causes—were found to have remarkably fibrotic 
and contracted livers. 








2. All attempts to transplant these tumors met 
with failure. 

3. The serum alkaline phosphatase activity 
rose rapidly, paralleling the spread of the tumor 


throughout the body, and the activity of this en- 
zyme in the tumor tissue itself was extremely high. 
Magnesium was found to activate, and beryllium 
to inhibit, the phosphatase associated with the 
sarcoma in the same manner that these metals 
affect normal alkaline phosphatase. 

4. The importance of an extremely malignant 
sarcoma produced by a simple metal oxide, in the 
light of the known effects of beryllium on certain 
enzyme systems, is discussed. 
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Citric Acid Metabolism in Carcinogenesis and Its 


Relationships to Calctum Metabolism” 


Howarpb Mitver, M.A., AND CHRISTOPHER CARRUTHERS, PH.D. 


(From the Department of Anatomy, Washington University School of Medicine, St. Lowis, Missouri) 


Previous studies on the calcium metabolism of 
epidermis undergoing carcinogenesis (2, 10, 11) 
have suggested the possibility that the action of 
one or more calcium-binding substances may ac- 
count for the decreased calcium content in hyper- 
plastic epidermis and in a squamous-cell carcinoma. 
The present investigation has been devoted to a 
study, in normal and cancerous tissues of the 
mouse, of the content of citric acid, a substance 
known to form slightly dissociated complexes with 
calcium (7). 

Several tumor tissues were analyzed by Dick- 
ens (5), who concluded that tumor tissue contains 
more citric acid than most normal tissues, with the 
exception of skin, bone, hair, and the tissues com- 
prising the seminal vesicle. A high content of citric 
acid was found in the Walker 256 tumor of the rat 
by Haven, Randall, and Bloor (8). The latter in- 
vestigators also reported a markedly higher con- 
tent of citric acid in the necrotic center of this 
tumor than in the viable periphery. These findings 
differ from those of Dickens (5), who found a 
higher citrate level in the non-necrotic portions 
of the Crocker sarcoma. 


MATERIALS AND METHODS 


The following tissues of the mouse were 
analyzed for their citric acid contents: normal and 
hyperplastic Swiss strain epidermis, a Swiss strain 
transplanted squamous-cell carcinoma, C strain 
liver and transplanted hepatoma,! Leaden strain 
liver and transplanted hepatoma,’ and C3H strain 
muscle and transplanted rhabdomyosarcoma. * 


* Aided by grants from the National Cancer Institute, 
the Charles F. Kettering Foundation, «nd the American 
Cancer Society. 

1 Obtained from Dr. H. B. Andervont of the National 
Cancer Institute. 


2 Obtained from the Jackson Memorial Laboratories, Bar 
Harbor, Maine. 
3QOtained from Dr. E. U. Green, Institute for Cancer 


Research and the Lankenau Hospital Research Institute, 
Philadelphia. 
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Technics for shaving the mice, applying methyl- 
cholanthrene, and separating the epidermis from 
the dermis have been previously described (1, 3). 
Thigh, gluteal, and lower back muscles were used 
for normal muscle analyses on C3H strain mice. 
Subcutaneous transplants of the various tumors 
were removed when the neoplasms attained a 
diameter of between 0.5 and 1 em. (with the excep- 
tion of several C strain hepatomas, which were 
larger). Fresh tissue was removed, weighed on a 
Roller-Smith precision balance, and ground in a 
mortar with about 5 ml. of 10 per cent trichloro- 
acetic acid, with the aid of purified sand when 
necessary. The contents of the mortar were trans- 
ferred quantitatively to a 40-ml. centrifuge tube 
by rinsing both the mortar and pestle several 
times with 10 per cent trichloroacetic acid and by 
adding the washings to the centrifuge tube. 

The citric acid content of the tissues was de- 
termined by the method of Taussky and Shorr (13) 
and Taussky (12). The color reaction used, how- 
ever, was that of Natelson, Pincus, and Lugovoy 
(9). A number of modifications of these pro- 
cedures were necessitated by the fact that they 
were originally devised for blood and_ urine 
analyses. The entire procedure will, therefore, be 
outlined, in order to clarify these modifications. 

The contents of the centrifuge tube were stirred 
well, allowed to stand at room temperature for 
about 10 minutes, and then centrifuged for the 
same period of time at 1,500 r.p.m. The super- 
natant was then filtered through a 7-cm. Whatman 
No. 42 filter paper into a graduated cylinder and 
the volume of the filtrate recorded. Two ml. of the 
filtrate was pipetted into a 60-ml. glass-stoppered 
Pyrex bottle to which 9 ml. of distilled water was 
added to bring the sample to volume. In order to 
determine recoveries, a known amount of citric 
acid was added to the tissue filtrate, and the solu- 
tion then brought to volume (11 ml.). One ml. of 
20 per cent trichloroacetic acid was added to all 
standard solutions, to maintain a constant con- 
centration of the acid in all samples, before mak- 
ing a similar dilution with distilled water. 


























‘The next step was the addition of sulfuric aeid. 
It was found (Table 1) that the addition of 3.7 ml. 
of 27 ~ sulfurie acid to epidermal samples gave the 
hest recoveries, and 4.4 ml. of 27 N sulfurie acid 
also produced better results than any other con- 
centrations of acid with liver and muscle samples. 
The normalities of sulfurie acid prior to the oxida- 
tion stage were 6.36 and 7.24, respectively. It may 
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cent potassium permanganate. The mixture was 
shaken thoroughly and allowed to stand for about 
30 minutes in the water bath maintained at from 
15° to 18° C., after which time suction was ap- 
plied to remove the bromine fumes. Four ml. of 40 
per cent ferrous sulfate (freshly prepared) was 
added, and the mixture was shaken and was al- 
lowed to stand for about 3 minutes, after which 


ray % 
rABLE 1 
4 4aa4 


RECOVERIES OF ADDED CITRIC ACID 


Tissue Sample Normality of 
no. HeSQ, 
C strain liver l 7.24 
2 11.6 
C strain hepatoma 3 7.24 
4 11.6 
Leaden strain liver 5 7.24 
6A 1.08 
6B 1 84 
6C 3.86 
6D 11.6 
Leaden strain hepatoma 7 7.24 
8 11.6 
C3H strain muscle 9 7.24 
LOA 6.10 
10B 6.36 
10C 6.63 
10D ¢.a0 
1OK 11.6 
C3H strain rhabdomyo- 
sarcoma 11 7.24 
Swiss strain epidermis 12A 3.86 
12B 5.40 
12C€ 6.75 
12D 11.6 
3 paintings, methylcho- 
lanthrene 13 6.36 
6 paintings, benzene 14 6.36 
12 paintings, benzene 15A 5.96 
15B 6.36 
15C 6.63 
15D 7.00 
24 paintings, methylcho- 
lanthrene 16 6.36 
Squamous-cell carcinoma 17 6.36 


* Citric acid content of final aliquot of recovery sample. 


t Citric acid content of final aliquot of nonrecovery sample. 


Citric Non Added Re 
acid Recovery recovery citric covery 
content sample* sample t acidt (per 
(y) (y) (y) (y) cent) 
13.1 6.0 2.8 3.57 95.4 
18.3 &.3 2.8 $3.57 $3.3 
174 13.9 $2 3.57 96.0 
162 7.8 5.3 $ . 357 88.0 
27.0 8.5 4.3 $3.57 108 
29.7 9 2 4.3 3.57 117 
39 . 4 10.2 5.7 3.57 110 
24.9 8.8 3.6 $ . 57 128 
19.4 5. 2.8 $3.57 83.5 
69.9 >.7 2 8 3.57 89 6 
52.2 2.5 
24.5 5.3 1.4 $57 107 
25 4 5.7 1.1 $8.57 122 
16.2 4.3 0.7 $.57 101 
32.4 4.3 1.4 3.57 86.6 
25.4 3.6 1.1 3.57 77.2 
32.4 4.3 1.4 4.28 77.4 
47.8 &.S S.3 $3.57 93.5 
272 12.0 7.8 3.57 106 
247 11.6 7.1 3.57 109 
247 10.2 wit 3.57 95.8 
209 6.7 6.0 1.43 90.2 
196 11.6 7.8 $3.57 102 
529 7.8 3.9 5.00 87.8 
478 12.4 9.6 3.57 94.3 
478 13.0 9.6 $ . 57 98.8 
478 11.6 9.6 3.57 88.2 
478 12.7 9 6 S$ . 57 96.6 
206 10.6 6.4 3.57 106 
69.6 6.0 2.5 3.37 99.0 


{ Final aliquot of amount of citric acid added to recovery sample. 


also be mentioned that, although varying the 
normality of sulfuric acid had some effect on the 
results obtained on tissue samples, no changes 
were noted with standard solutions when the 
normality of the acid was varied. 

After the addition of a suitable amount of 
sulfuric acid from a burette, the solution was 
shaken and placed for about 5 minutes in a water 
bath maintained at from 15° to 18° C. Then the 
following solutions were added from a burette: 
0.5 ml. of 40 per cent, manganese sulfate, 0.5 ml. of 
bromide-bromate solution (9), and 1.5 ml. of 5 per 





time suction was again applied as an added pre- 
caution. Seven ml. of normal heptane was added 
from a burette, and the mixture was shaken in the 
Aloe shaking machine for 6 minutes. The con- 
tents were poured into a separatory funnel and 
washed about 5 times (to neutrality) with doubly 
distilled water. Upon complete separation of the 
two layers, 5 ml. of the heptane layer was pipetted 
into a 30-ml. glass-stoppered Pyrex bottle. 

Three and one-half ml. of buffered thiourea 
solution (9) was delivered from a burette into the 
bottle, which was then stoppered and shaken in the 
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Aloe shaking machine for 6 minutes. The contents 
of the bottle were poured into a 12-ml. centrifuge 
tube and centrifuged for 5 minutes at 2,000 
r.p.m. The aqueous layer was then pipetted into a 
10-mm. Coleman cuvette and read at a wave 


length of 445 my in the Coleman spectrophotom- 
eter. 


The formula used for the calculation of the 
citric acid levels of tissue samples is as follows: 


_FXKXVi/ V2 
W 


where 7 is the citric acid content of the tissue 
(y/gm), F the citric acid content of the final ali- 
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Fic. 1.—Standard curve 


quot (vy), K (1.40) the proportion of the original 
aliquot used, V; the volume of the original tissue 
filtrate (ml.), V2 the volume of filtrate used in the 
analysis (ml.), and W the weight of the tissue 
(gm.). 

Twelve samples, including one blank and two 
standards, were run simultaneously, although this 
number was sometimes varied. However, one 
blank and at least one standard were always run 
with tissue samples. A satisfactory standard curve 
was plotted from the results of the analyses of 27 
standard solutions (Fig. 1). 


RESULTS 
Greenstein’s observation (6) that “no matter 


how, or from which tissues tumors arise, they more 
nearly resemble each other chemically than they 


Te, 


do normal tissues or than normal tissues resemble 
each other” has received further support from this 
present work. The citric acid contents of the tumors 
analyzed were more alike than were the individual 
tumors in respect to their normal homologs. Al- 
though a great variation was shown between the 
various normal tissues that were analyzed, a rela- 
tively small variation was found between the 
citric acid contents of the tumors (Tables 2 and 3 
and Fig. 2). With the exception of epidermis, a 
marked increase in the citric acid contents of all 
tumors, as compared with values for normal 
tissues, was consistently displayed. The citric acid 
content of the squamous-cell carcinoma, however, 
presented a very marked decrease from the normal 
values. Thus, all tumors analyzed tended to attain 
an almost identical citric acid content, irrespec- 
tive of the citric acid level of their normal homologs. 


TABLE 2 


THE CITRIC ACID CONTENT OF LIVER AND MUSCLE TU- 
MORS AND THEIR NORMAL HOMOLOGS (NORMALITY 
OF SULFURIC ACID, 7.24) 


Average 
citric acid 
Number concentration 
Tissue of mice (y/gm., wet wt.) 
C strain liver 6 11.2 
C strain hepatoma 4 130.5 
C strain blood about 20 29.1 
Leaden strain liver 6 37.9 
Leaden strain hepatoma 4 64.8 
Necrotic portion of leaden 
strain hepatoma 1 53.1 
C3H strain muscle 3 30.0 
C3H strain rhabdomyosarcoma 4 68 .0 
Necrotic portion of rhabdomyo- 
sarcoma 2 91.6 


Analyses of the necrotic portions of the Leaden 
strain hepatoma, squamous-cell carcinoma, and 
rhabdomyosarcoma indicated slight differences in 
the citric acid contents of these areas as compared 
to the viable zones (Tables 2 and 3). The slight 
decrease shown by the necrotic portion of the 
Leaden strain hepatoma is certainly not sig- 
nificant, while the slight increases shown by the 
rhabdomyosarcoma and squamous-cell carcinoma 
are unquestionable, since there is no overlapping 
of values. Certainly, however, the results of this 
work cannot explain the diametrically opposed 
findings of Dickens (5) and Haven, Randall, and 
Bloor (8) on the citric acid contents of necrotic 
tissue. One possibility, however, is that the citrate 
contents of necrotic areas analyzed by these in- 
vestigators were affected by bacterial contamina- 
tion. The tumors used in this present work were 
probably not contaminated, as revealed by cul- 
tures made from several of these tissues. Neglect- 
ing the possibility of contamination, it would seem 
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TABLE 3 


CITRIC ACID IN EPIDERMAL CARCINOGENESIS 
(NORMALITY OF SULFURIC ACID, 6.36) 


CITRIC ACID 





No. OF No. OF CONTENT 
MICE PAINTINGS (y/GM., WET WT.) 
Normal epidermis 
4 539 
4A 375 
4 463 
3 482 
Tora: 15 AveraGeE: 465 
Benzene-treated mice 
9 3 417 
5 3 503 
5 § 400 
9 3 385 
Tota: 28 AveRAGE: 426 
4 6 Q75 
3 6 155 
3 6 377 
3 6 529 
Tora: 13 AveRAGE: 334 
4 12 305 
5 12 399 
6 12 393 
7 12 389 
8 12 478 
Tora: 30 Averace: 393 
4 Q4 279 
5 24 321 
6 Q4 336 
7 24 226 
8 Q4 Q77 
TotaL: 30 Averace: 288 


at present that there is no set pattern for the 
citrate content in necrotic portions of tumors with 
respect to the non-necrotic portions of the same 
tumors. Obviously, more work is needed to settle 
the issue on this particular side line. 

The application of methylcholanthrene re- 
sulted in a very marked initial decrease in the 
epidermal citric acid content (Fig. 3). This 
diminution was maintained throughout hyper- 
plasia following a number of treatments with the 
carcinogen. A second noteworthy decrease may 
also be noted between hyperplastic epidermis and 
the squamous-cell carcinoma. 

Benzene-treated epidermis also decreased in 
citrate content, but not so markedly as the methyl- 
cholanthrene-treated epidermis (Table 3). No 
comparable decrease in benzene controls was 
found in epidermal calcium analyses (2, 10, 11). 


DISCUSSION 


ry . ° ° 

rhe results of this present work indicate that 
some very definite, clear-cut changes take place 
in the citric acid contents of tumor tissues as com- 
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Methylcholanthrene-treated mice 


3 
3 
3 
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24 
24 
24 
24 


AVERAGE: 
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AVERAGE: 


Squamous-cell carcinoma 


AVERAGE: 


CONTENT 
(y/GM.. WET WT.) 


206 
242 
205 
196 


212 


250 
163 
256 
195 


216 


272 
218 
196 
203 
192 





216 
352 
208 
240 
206 


252 

69.6 
70.8 
81.2 





73.9 


Necrosis from squamous-cell carcinoma 
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Fic. 2.—The citric acid content of various tumors and 
their normal homologs (7/gm.). 
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pared to their normal homologs. Such changes 
probably reflect some metabolic alterations in the 
biochemistry of tumor tissue. The nature of these 
metabolic processes, however, 1s uncertain. 

Body needs for citric acid are probably obtained 
by processes of intermediate metabolism (4). Cer- 
tainly, citric acid cannot be directly derived from 
nutritional sources in the same manner that cal- 
cium and other minerals are obtained. Bone also 
appears to be an unlikely source (4), despite the 
high content of citrate in its substance (5). It is, 
therefore, most probable that the source of citric 
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Fic. 3.—Calcium and citric acid in epidermal carcino- 
genesis. 


acid is from the aerobic oxidation of carbohy- 
drates, since citric acid is known to be formed as a 
by-product of the tricarboxylic acid cycle. Thus, 
it might be possible to interpret the present data 
on the basis of changes taking place in the aerobic 
oxidation of carbohydrates. Much further work is 
necessary in order to investigate these possibilities. 

The correlations between the calcium and citric 
acid metabolisms of normal and hyperplastic epi- 
dermis and a transplanted squamous-cell carci- 
noma reveal some interesting data (Fig. 3). The 
changes in the epidermal contents of these two 
substances are similar in the carcinogenic proc- 
esses, suggesting the possibility of the two com- 
pounds being bound together, probably in the 
form of a diffusible complex, throughout the 
process. It is also conceivable that calcium is re- 
moved from the site of hyperplasia to a great ex- 
tent by citric acid, the two substances passing to- 
gether into the tissue fluids and, hence, into the 





blood stream. It, therefore, seems very likely that 
there is some correlation between the present 
analyses and those of caleium (2, 10, 11). 

A probable formula for calcium citrate (Ca;Cits) 
has been presented by several investigators (7), 
Calculating the mole ratios between calcium and 
citric acid in the various epidermal tissues 
analyzed (Table 4) clearly indicates that, accord- 
ing to this or any other probable formula, only a 
part of the calcium present in the epidermis or 
squamous-cell carcinoma can theoretically be 
bound to citric acid. This fact, however, does not 
in any way destroy the possibility that citric acid 
plays an important role in calcium = removal. 
Other substances, such as nucleoproteins and 
possibly other tricarboxylic acids, undoubtedly 


TABLE 4 


THE MOLE RATIOS BETWEEN CALCIUM AND 
CITRIC ACID IN EPIDERMAL CARCINO- 
GENESIS (EXPRESSED AS NUMBERS OF 
MOLES OF CALCIUM/MOLE OF CITRIC 
ACID) 

Moles of 


Number of paintings with calcium/mole of 


methyvlcholanthrene citric acid 


Normal, untreated epidermis 4.51 
3 paintings 4.32 
6 paintings 3.63 
12 paintings 3.42 
24 paintings 4.20 
Squamous-cell carcinoma 5.84 


share in the functioning of such a mechanism, if 
it exists at all. 

Morphological evidence presented by Banyen‘ 
may necessitate changes in the interpretations of 
chemical data from the idea that the individual 
cell changes chemically in carcinogenesis to the 
concept that chemical changes are merely due to 
changes in cell types. It was shown by this investi- 
gation that basal cells remain fairly constant in 
hyperplasia, while granular and spinous cells in- 
crease greatly in number but always are present in 
about the same proportion. The interpretation of 
calcium and citric acid analyses in epidermal hy- 
perlasia may therefore be modified as follows: The 
contents of these substances in normal epidermis 
are very high in the basal layer and much lower in 
the granular and spinous layer. In epidermal 
hyperplasia, an increase in the number of gran- 
ular and spinous cells would serve to decrease 
the amounts of calcium and citric acid per unit 
weight of epidermis. Therefore, changes in these 
substances can be explained on the basis of cell 
ratios, and not on the basis of an alteration in the 


4D. Banyen, Study of Cell Types in Mouse Epidermis 
during Methylcholanthrene Carcinogenesis (in preparation). 
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chemistry of the individual cell. This concept, of 
course, is purely hypothetical, but certainly 
worthy of our attention. It may be that the two 
conflicting hypotheses, chemical and morphologi- 
‘al, each play a definite integrated role in the dy- 
namics of carcinogenesis. 


SUMMARY 


1. \ method for the determination of citric 
acid in tissues has been outlined. 

2. It was found that each normal tissue ex- 
amined had a content of citric acid characteristic 
for that tissue, while the tumors, regardless of 
derivation or source, showed very similar levels of 
citric acid. 

38. An attempt has been made to correlate the 
results in terms of caletum and carbohydrate 
metabolism and cell ratios. 
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The Uptake and Distribution of Radioactive Phosphorus in 


Chicken Eggs Containing a Rapidly Growing 
Mammary Tumor of a C3H Mouse” 


IRvING GALINSKY, PH.D. 


(From Baylor Medical College, Houston, Texas) 


Tumors of rats and especially of mice have been 
grown in chicken eggs for a number of years. Tu- 
mors of sufficient size and uniformity as to be used 
in chemotherapy have been produced by the yolk 
sac technic, whereby the macerated tumor is 1n- 
jected into the yolk sac. The advantages of such a 
technic for screening chemicals for any tumor- 
inhibiting effects have already been pointed out 
by Taylor (1) and thus will be reviewed here only 
briefly. 

The rapidly growing tumor and chick embryo 
grow within the closed system of the egg, sharing 
the same blood stream but without any physical 
contact between the two. It is thus possible to in- 
ject a substance between the egg shell and the 
chorio-allantoic membrane (analogous to a subcu- 
taneous injection in mice) and, by weighing the 
tumor and chick embryo of both control and 
treated eggs, to determine whether the substance 
(a) has no effect, (6) inhibits tumor growth spe- 
cifically, (¢c) inhibits embryo growth specifically, 
or (d) inhibits fast-growing tissues, in general. 

The following experiments were undertaken to 
determine the manner of uptake and distribution 
of a substance injected between the chorio-allan- 
toic membrane and the egg shell. For this purpose 
radioactive phosphorus in the form of Na,HPQ, 
was used. 


METHODS 


A mammary tumor of a C3H mouse was grown 
in chicken eggs using the yolk sac injection method 
(2). On the twelfth day of incubation (8 days after 
tumor inoculation), radioactive P*? in a 1 per cent 
aqueous solution of NazHPO;, was injected be- 
tween the chorio-allantoic membrane and the egg 
shell. The eggs were opened 48 and 96 hours later, 
and samples were taken of the various portions to 
be compared. These included the mouse tumor, 


* This work was done at the University of Texas under a 
Rosalie B. Hite Cancer Fellowship. 
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the chick embryo skeleton, blood, allantoic fluid, 
yolk, and albumen. In another series the tumor 
and embryo brain and liver were compared as to 
F*? uptake. 

The tissues were thoroughly macerated, and 
samples were dried to a constant weight which was 
then accurately determined. The activity of the 
sample was determined by use of a Geiger-Miiller 
counter. The thickness of the samples was never 
enough to necessitate corrections for self-absorp- 
tion. Decay corrections were made by comparison 
with a control sample of radioactive phosphate 
prepared from the same solution used for injection. 
The counts/minute/100 mg dry weight were used 
as the basis for comparison. 


RESULTS 
When FP was injected between the egg shell and 
the chorio-allantoic membrane it was gradually 
taken up by the blood stream and distributed to 
the various parts of the egg. Table 1 shows the 
TABLE 1 


DISTRIBUTION OF P22 IN CHICK 
EMBRYO AND TUMOR 


Hours Counts/minute, 
after P32 100 mg 
Material injection dry wt. 
Yolk 48 72 
96 9 
Albumen 48 146 
96 35 
Tumor 48 769 
96 2,600 
Chick embryo skeleton 48 1,000 
96 12,900 
Blood 48 11,800 
96 961 
Allantoic fluid 48 56,500 
96 43 ,900 


uptake and distribution of the P*? 48 and 96 hours 
after its injection. 

At 48 hours after injection most of the P® was 
taken up by the blood and had passed through the 
system. The largest portion of it was excreted into 
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the allantoic fluid. The absorption by the yolk and 
albumen was only passive and was low enough to 
be unimportant. At this time there was compara- 
tively little difference in P*? between the tumor 
and embryo skeleton. The skeleton continued to 
accumulate P*? more rapidly than the tumor and 
at 96 hours contained about 5 times as much. The 
amount in the blood dropped rapidly, due to its 
absorption by the tissues. There was a slight drop 
in the P®? found in the allantoic fluid, since the 
reabsorption of this liquid into the system had be- 
gun by this time. 

Table 2 illustrates the results of an experiment 


TABLE 2 


COMPARISON OF P®2 DISTRIBUTION IN TUMOR 
AND CHICK EMBRYO LIVER AND BRAIN 


Hours Counts/minute/ 


after P22 100 mg Ratio 

Material injection dry wt. 
Chick embryo liver 48 398 1.0 
Chick embryo brain 48 928 2.3 
C3H tumor 48 1,300 3.2 


comparing the uptake of P*® by the C3H mouse 
tumor, chick embryo brain, and chick embryo 
liver; 48 hours after injection of P*? the tumor has 
taken up more than either the brain or the liver. 


CONCLUSIONS 


In the use of egg-grown tumors for chemother- 
apy it is important to know the manner in which 
the chemotherapeutic substances are taken up 
and distributed. While this process will not be 
identical for all such substances, a general idea 
may be obtained from the results of these P*® 
experiments. 

The P*® is taken up and distributed via the 
blood stream, as can be seen by the increase and 
then decrease of the amount present. While some 
of the P*® is absorbed by the various tissues, the 
greater part of it passes into the allantoic fluid. 


It is thus evident that before a substance is dis- 
carded as having no tumor-inhibiting effect, it is 
necessary to determine whether its impotency is 
due to rapid excretion or physiological inactivity. 
If it is the former, then another method of injec- 


tion designed to prevent rapid excretion (e.g., 
yolk, oil solvents, ete.) is necessary. 

The greater accumulation of P* by the bones of 
the chick embryo than by the tumor is in agree- 
ment with results obtained in mice. Such a dis- 
tribution of P®? would result in destruction of the 
bone marrow before enough could accumulate in 
the tumor to destroy it. 


SUMMARY 

1. A C3H mammary carcinoma was grown in 
fertile chicken eggs by the yolk sac injection tech- 
nic. 

2. Radioactive phosphorus in a 1 per cent 
Na.,HPO, solution was injected between the 
chorio-allantoic membrane and the egg shell 8 
days after tumor inoculation. 

3. The P® was taken up by the blood stream 
and distributed throughout the egg. At 48 hours 
most of the P®? was found in the allantoic fluid. 
The tumor took up more P*® than either the chick 
embryo brain or liver. The chick embryo skeleton 
accumulated P*? more rapidly than the mouse 
tumor and at 96 hours after injection contained 
about 5 times as much. 
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Studies on the Distribution of Radioactive 8-Azaguanine 


(Guanazolo) in Mice with Eo771 Tumors"! 


LEONARD L. BENNETT, Jr., PH.D., Howarp E. Skipper, Pu.D., 
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of Experimental Chemotherapy, Sloan-Kettering Institute for Cancer Research, New York, N.Y.) 


Kidder’s observation (7) that 8-azaguanine 
(guanazolo) has a definite inhibitory effect on the 
growth of mammary adenocarcinoma Eo771 has 
now been extended and confirmed (5, 12). How- 
ever, it has been found that Sarcoma 180, lympho- 
sarcoma 6C3HED, sarcoma T241, Harding-Passey 
melanoma, Wagner osteogenic sarcoma or Patter- 
son lymphosarcoma in the mouse, and certain car- 
cinomas and sarcomas in the rat fail to respond to 
this compound (5, 12). 8-Azaguanine has also been 
shown to effect an inhibition of two transplantable 
leukemias in mice (8), while other strains failed to 
respond (1, 8). Kidder é al. (7) suggested that the 
tumor-inhibiting activity of 8-azaguanine might 
be explained on a basis of preferential incorpora- 
tion of this compound into cancer cells because of 
differences in guanine metabolism. Roblin ef al. 
(10) found 8-azaguanine to be a potent purine in- 
hibitor in Escherichia colt and Staphylococcus au- 
reus. Kidder (6) has reported a similar inhibition 
of growth in Tetrahymena geleii. 

In view of the importance of such observations 
as have been mentioned above, it was considered 
worth-while to investigate the tumor-inhibiting 
mechanism of the action of 8-azaguanine, by use of 
the carbon 14-labeled compound. The synthesis of 
8-azaguanine-2-C!* was accomplished by minor 
modifications of established synthetic methods, as 
follows. The final product was characterized by 
ultraviolet absorption spectrum, elemental analy- 


* This investigation was supported by grants from the 
American Cancer Society, on recommendation of the Com- 
mittee on Growth; Mr. Ben May, Mobile, Alabama; and the 
Institute Sponsored Research Fund of Southern Research 
Institute. The development of a tracer scale synthesis for 
8-azaguanine-2-C!4 was carried out under a grant from the 
Isotopes Division, Atomic Energy Commission. 


+ The authors wish to acknowledge the technical assistance 
of Miss Margaret Ann Newton, Miss Linda Simpson, Miss 
Martelia Bell, and Mrs. Juanita B. Chapman. 
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sis, and filter paper chromatography combined 
with autoradiography. 


NH N H4NO3_ 
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The present study concerns the over-all dis- 
tribution of the 2-carbon atom of 8-azaguanine at 
various periods after injection into both normal 
mice and mice bearing a tumor known to respond 
—Eo771 adenocarcinoma. Further investigation 
of Kidder’s hypothesis regarding preferential en- 
trance of this purine antagonist into nucleic acids 
of tumor cells is being reported in the next article 
of this issue (9). 


EXPERIMENTAL 


SYNTHESIS OF RADIOACTIVE 8-AZAGUANINE 


Guanidine hydrochloride—Barium carbonate 
(3 me., 168 mg.) was converted to guanidine hy- 
drochloride essentially as described by Marsh, 
Lane, and Salley (3). The crude product (47 mg.) 
was diluted to 1 gm. with inactive guanidine hy- 
drochloride and was used directly in the next step. 








SAS ER ORE OAs RS yoo 





2,.4,.5-Triamino-6-hydroxypyrimidine.— Guani- 
dine hydrochloride (1 gm.) was converted to 2,4,5- 
triamino-6-hydroxypyrimidine by the procedure of 
Cain. Mallette, and Taylor (2), with slight medi- 
fications. The pyrimidine was isolated as the sul- 
fate: the yield was 0.65 gm., 24 per cent from 
guanidine. In subsequent syntheses, this pyrimi- 
dine has been obtained in a 70-75 per cent yield 
from guanidine and in a 40-59 per cent over-all 
yield from barium carbonate. 

8-Azaguanine.—The procedure of Roblin et al. 
(10) was used for conversion of 2,4,5-triamino-6- 
hydroxypyrimidine to 8-azaguanine. The crude 
product, after being twice dissolved in scdium hy- 
droxide, treated with charcoal, and reprecipitated 
with acetic acid, weighed 257 mg. and had an 
activity of 0.97 uc/mg (67 per cent yield from 2,4,- 
5-triamino-6-hydroxypyrimidine; over-all yield 
from barium carbonate, 8.3 per cent). 


Analysis: Calculated for C,H,ON,: C, 31.58; H, 
2.65 


Found: C, 31.47; H, 2.82 


The ultraviolet absorption spectrum, deter- 
mined on a solution of 3.7 mg/lin phosphate buffer 
of pH 6.30, was identical with that reported by 
Cavalieri et al. (4). 

As a further check on purity, the sodium salt 
was chromatographed (ascending) on filter paper 
with the following results: 


Re VALUES 
SOLVENT SYSTEM Found Reported* 
n-C,H,OH (4 parts), diethylene glycol (1 
part), H,O (1 part) in an NH; atmos- 
phere 0.11 0.13 
n-C4H.OH (4 parts), diethylene glycol (1 
part), 2 N HCl (1 part) 0.42 0.42-0.46 


* e ‘ - ° e ’ . 
A. Bendich, Sloan-Kettering Institute for Cancer Research. Private 
communication. 


In an independent experiment the sodium salt 
was chromatographed, and an autoradiograph was 
made of the filter paper strip. The position of the 
radioactive spot coincided exactly with the posi- 
tion of the 8-azaguanine as determined in ultra- 
violet light; there was no detectable radioactivity 
elsewhere on the filter paper. 


INJECTION OF RADIOACTIVE 8-AZAGUANINE 


In a preliminary experiment, two normal CFW 
strain mice of about 6 weeks of age were each in- 
jected with 1.93 ye. of labeled 8-azaguanine (80 
mg/kg), made up in 1 per cent sodium carbonate. 
These animals were placed immediately into a 
metabolism chamber (11) for collection of expired 
carbon dioxide and excreta. After 24 hours, the 
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mice were killed, and selected pooled tissues and 
organs were assayed for radioactivity. The data 
obtained in this experiment with regard to excre- 
tion and distribution of radioactive carbon are 
summarized in Tables 1 and 2. 


TABLE 1 
RATE OF EXPIRATION AND URINARY EXCRETION OF C!4 
FOLLOWING INJECTION OF LABELED 8-AZAGUANINE (1.93 yc.) 


Cumulative 


Specific activity Per cent of | per cent of total 


of samples total injected injected 
Period (uc/mole carbon)* radioactivity radioactivity 
0-30 minutes 0.644 0.06 0.06 
30-60 minutes 0.663 0.08 0.14 
1-2 hours 0.096 0.02 0.16 
2-6 hours 0.015 0.01 0.17 
6-12 hours 0.142 0.03 0.20 
12-24 hours 0.107 0.15 0.35 
0—24-hour urine 321.0 91.4 
sample 


* Microcuries per mole of carbon. 


Note: These are the average data obtained on pooled respiratory 
samples from two normal CFW strain mice. 


TABLE 2 


GENERAL DISTRIBUTION OF RADIOACTIVE 
CARBON AT VARIOUS PERIODS AFTER INJECTION 
OF 2-LABELED 8-AZAGUANINE 
Speciric Activity (uc/MoLe or CarRBon)* 
Normal CFW C57 black mice with 
strain mice Eo771 Tumors 
24 hrs. after Period after injection 


Tissue injection 1 hr. 6 hrs. 24 hrs 
Whole blood 0.012 0.392 0.183 0.016 
Blood serum 0.099 
Blood cells 0.016 
Spleen 0.079 0.776 0.467 0.131 
Adrenals 0.389 0.125 0.012 
Kidneys 0.086 
Liver 0.041 0.503 0.350 0.078 
Testes 0.036 
Thymus 0.054 
Lungs 0.025 
Heart 0.056 
Lymph nodes 0.037 
Muscle 0.008 0.828 0.0380 0.019 
Jejunum 0.157 1.170 0.344 0.306 
Skin and hair 0.018 
Whole bone 0.036 
Bone marrow 0.089 0.594 0.129 0.028 
Eo771 tumor (ani- 

mal 1) 0.861 0.130 0.078 
Eo771 tumor (ani- 

mal 2) 0.432 0.167 0.074 
Urine 321.0 
Feces 8.15 


* Microcuries per mole of carbon. 


A second series of investigations was then 
undertaken to determine the distribution of car- 
bon 14 from labeled 8-azaguanine in C57 black 
mice with the Eo771 adenocarcinoma. Subcuta- 
neous implantations of small pieces of tumor 
(measuring about 1.5 mm. cubed, and weighing 
approximately 6 mg.) were made in the axillary 
region by the usual trocar method. After 8 days, 
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two of these tumor-bearing mice were each in- 
jected with 1.93 ue. of radioactive 8-azaguanine. 
One hour after the injection of the radioactive 
compound, these mice were sacrificed for tissue 
and organ activity assays. The tissues of interest 
from the two mice used in each of these experi- 
ments were pooled, except in the case of the tu- 
mors which were run separately. Two additional 
mice (9 days after tumor implantation) were in- 
jected at the same level of labeled 8-azaguanine 
and were sacrificed for distribution studies at 6 
hours. A similar study was carried out on two 
Eo771 tumor-bearing mice (9 days after implanta- 
tion), in which mice were sacrificed for activity 
studies 24 hours after injection of the labeled com- 
pound. The results obtained in these experiments 
are presented in Table 2. 


DISCUSSION 


The results presented in Table 1 indicate the 
route of excretion of the 2-carbon atom of 8-aza- 
guanine. Since only about 0.35 per cent of the 
total injected radioactive carbon was found in the 
exhaled carbon dioxide, it appears that there was 
no extensive oxidation of the molecule. Most of 
the activity injected (91.4 per cent) can be ac- 
counted for in the urine within 24 hours. 

The distribution of the active carbon atom in 
CFW mice at 24 hours shows more activity in the 
blood serum than in packed cells and the highest 
specific activity in the jejunum. Otherwise, the 
active carbon is generally found in all tissue 
fractions. 

In the Eo771 tumor-bearing C57 black mice 
the specific activities of the tumors fall within the 
range covered by the other tissues. The jejunum 
is again the highest in radioactivity, in all cases 
being higher than the tumor tissue from the same 
animals. Although the present data do not indi- 
cate preferential accumulation of 8-azaguanine in 
neoplastic tissue, the possibility obviously exists 
that 8-azaguanine might be preferentially fixed to 
or incorporated into important fractions of cancer 
cells, i.e., nucleic acids, which might be masked in 
these gross observations. This point has received 
special attention in experiments reported in the 
following article (9). 


SUMMARY 


Studies with 2-labeled 8-azaguanine (guanazolo) 
in normal and mammary adenocarcinoma-bearing 


Ls 


mice have shown that very little of the 2-carbon 
atom is oxidized to carbon dioxide and exhaled, 
but that most of this atom is excreted in the urine. 
No evidence was obtained that the compound in 
question (or the 2-carbon therefrom) was prefer- 
entially accumulated, fixed, or incorporated in 
Eo771 tumors, which are known to be inhibited by 
8-azaguanine. 


10. 


11. 


12. 
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Investigation of the Nucleic Acids of Viscera and 


Tumor Tissue from Animals Injected with 
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AND LEONARD L. BENNETT, JR., Po.D.T 


(From the Organic and Biochemistry Division, Southern Research Institute, Birmingham, Alabama) 


In view of the interest in the tumor growth- 
inhibiting property of 8-azaguanine (5-amino-7- 
hydroxy-1H-v-triazolo [d|] pyrimidine [4, 5, 10)}), 
it became of interest to learn more about the 
mechanism of its action. Kidder and Dewey (6) 
reported that Tetrahymena gelew requires guanine 
in its diet and that 8-azaguanine is a powerful 
inhibitor (7), which was thought to produce its 
effect by being incorporated in the nucleoprotein. 
It has been shown (2) that rats can synthesize 
guanine from adenine but that they do not exten- 
sively make use of dietary guanine. Kidder et al. 
(5) theorized that, since certain tumors (Ko771) 
were inhibited in growth by 8-azaguanine, per- 
haps cancer cells had lost the ability to synthesize 
guanine and had gained the ability to metabolize it. 

We have synthesized 8-azaguanine (1) labeled 
with carbon 14 in the 2-position and have followed 
its incorporation (1) into the principal tissues of 
the mouse (CFW and €57 black with Eo771 
tumors). The jejunum was shown to be highest in 
radioactivity of all tissues studied, including the 
tumors. 

In this paper we present evidence to show that 
the nucleic acid fractions isolated from normal 
viscera and from Eo771 tissue of mice injected 
with carbon 14-labeled 8-azaguanine contain small 
amounts of 8-azaguanine. 

EXPERIMENTAL 

Injection of radioactive 8-azaguanine—CFW 
mice were injected with 2 mg. each of 8-azagua- 

* This work was supported by grants from the American 
Cancer Society upon recommendation of the Committee on 
Growth; Mr. Ben May, Mobile, Alabama; the Institute 


Sponsored Research Fund, Southern Research Institute; and 
the Isotopes Division, Atomic Energy Commission. 


t Acknowledgment for technical assistance is due Mrs. 
Constance Nolan, Miss Margaret Ann Newton, Mrs. Juanita 
Chapman, Miss Martelia Bell, and Miss Linda Simpson. 


Received for publication June 15, 1950. 


64 





nine labeled with carbon 14 in the 2-position and 
with an activity of 0.97 ue. per milligram. C57 
black mice were injected with the same amount of 
carbon 14-labeled 8-azaguanine 8 days after sub- 
cutaneous implantations of small pieces of Eo771 
tumor tissue.' Groups of four mice each were uti- 
lized in each experiment. 

Isolation of nucleic acids and purines.—Twenty- 
four hours after injection of the radioactive com- 
pound, the animals were killed, and liver, spleen, 
thymus, gonads, kidneys, and washed intestine 
were combined for isolation of the nucleic acids of 
the viscera. 

The tissue was disintegrated in a Waring 
Blendor and dehydrated with several portions of 
absolute ethanol and ethyl ether. The dehy- 
drated tissue was extracted with 10 per cent 
NaCl, and the sodium salts of the nucleic acids 
were precipitated with alcohol, dissolved in water, 
and the nucleic acids precipitated with HCl, 
washed with water, and dried with alcohol and ether 
(8). ‘T'o obtain DNA, the nucleic acids were twice 
hydrolyzed for about 8 hours at room temperature 
in a solution of approximately 2 N NaOH and re- 
precipitated in acid alcohol (3). 

Analyses of the nucleic acid fractions by the 
orcinol and diphenylamine color reactions showed 
that the combined nucleic acids and DNA were 
more than 90 per cent pure. 

The nucleic acids were hydrolyzed in 05 N HC] 
for 1 hour, and the purines were precipitated in 
acid solution with AgNQ3. The purines were re- 
dissolved in 0.5 N HCl and reprecipitated with 
AgNO; in acid solution. 

Chromatographic separation of purines.—The 
purines were extracted from their silver com- 
pounds with 6 ce. of 0.5 nN HCl, and 10 mg. of 


1 These tumor-bearing mice were generously supplied by 
Dr. K. Sugiura of the Sloan-Kettering Institute for Cancer 
Research. 
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mactive S-azaguanine was added to the solution 
as a carrier for radioactive S-azaguanine which 
maght be present. This solution was applied as a 
series of drops from a teil. hypodernie syringe to 
the bottom of a sheet of ISK TS-inch Sehleicher 
and Sehtill No. 597 filter paper. The drops were so 
spaced as to form a continuous band across the 
PApPer, 

The solvent system used for separation of the 
purmes (11) consisted of 4 parts butanol, b part 
diethylene glveol, and T part aqueous 0.1 N TECH, 
and the separation was achieved in TS or 20 hours 
by the ascending method. After drving in the air 
for several hours and in an oven at 90°C. for 380 
minutes, the adenine, guanine, and S-azaguanine 
strips were cut from the paper in the light of a 
Mineralight ultraviolet lamp. This light is strong- 
lv absorbed by the above compounds, making the 
location of each easily discernible. The Ry, values 
for guanine, adenine, and S-azaguanine ino this 
solvent system were 0.12, 0.221, and 0.48, respee- 
tively. These values agree well with those obtained 
by Bendich- 

The S-azaguanine strip and adenine strip were 
eluted separately with 0.1 N NH.OH, while the 
guanine stnp was eluted with 0.1 N KOHL. Ade- 
nine was precipitated from solution as the picrate 
by adding an equal volume of saturated pieric 
acid. To the S-azaguanine and guanine solutions 
were added 10 mg. of nonradioactive 8-azagua- 
nine and guanine, respectively, and these purines 
were then precipitated as their silver salts. 

Determination of radioactivity.— Measurements 
for radioactivity were made as previously de- 
scribed (9). 

RESULTS AND DISCUSSION 

Table 1 shows the radioactivity of the original 
tissue (initial homogenate), the combined nucleic 
acid fraction, DNA, and silver purines from mice 
24 hours after each animal was injected with 2 mg. 
of 8-azaguanine labeled at the 2-position with 
earbon 14 and with an activity of 0.97yue. per 
milligram. 

The combined nucleic acid fractions have 
several times more activity than the viscera from 
which they were isolated, while the DNA is low 
in activity. The silver purines have an activity 
about 4 times higher than the combined nucleic 
acid fraction from which they were isolated. 

The nucleic acid fractions isolated from Eo771 
tumor tissue were somewhat lower in radioactive 
carbon than the visceral nucleic acid fractions 
from the same animals. 


2. A. Bendich, Sloan-Kettering Institute for Cancer Re- 
search. Private communication. 
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* All animals were sacrificed 26 hours following injection. Bach exper 
ment represents values obtained on pooled organs or tissues from four mice, 


animals (Pable 1), thus showing that the method 


used for isolating the nucleie acid fractions does 
nol concentrate “free” 8-azaguanine. 
TABLE 2 
RADIOACTIVITY OF PURINES FROM MICE INJECTED 
WITH CARBON-LABELED 8-AZAGUANINE 


SPECIFIC ACTIVITY, fC. PER MOLE OF CATION 


Initial Com 
EXPER, SAMPLE homoge- bined Ade (aun H-Ava- 
NO. DESIGNATION nate nucleic nine nine yuanine 
acids 
8* CEW mice 0.29 0.96 0.12 0.09 1.84(x) 
9| CFWmice 0.08 0.72 0.2% 0.59 2.16 (2) 


* Animals were sacrificed 6 hours following injection. 

t Animals were sacrificed 24 hours following injection. 

Note: The adenine and guanine specific activities have been corrected 
for dilution with inactive carrier; the 8-azaguanine values have not been 
corrected. A correction factor (2) in excess of 15,000 is estimated. 


Table 2 shows the radioactivity of the purines 
obtained from combined nucleic acid fractions. 
The values for adenine and guanine have been 
corrected for dilution, while the values for 8- 
azaguanine must be multiplied by a large factor 
(x=at least 15,000), since the dilution with inac- 
tive 8-azaguanine is great. These results indicate 
that a small amount of the injected 8-azaguanine 
is combined in the nucleic acid structure as sug- 
gested by Kidder et al. (5), or that it is isolated 
along with the nucleic acid fraction in some other 
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A Comparison of the Intracellular Composition of Re- 


generating Liver and Induced Liver Tumors"? 


J. M. Price, Pu.D., ANd A. K. Lairp,t M.D. 


(From McArdle Memorial Laboratory, the Medical School, University of Wisconsin, Madison 6, Wisconsin) 


Rat liver tumors induced by 4-dimethylami- 
noazobenzene differ considerably from normal rat 
liver with respect to the distribution of protein, 
nucleic acids, and other constituents among the 
morphological fractions of their cells (21, 24, 27). 
One of the gross differences between these tissues 
is the rapid growth of the tumor tissue, and it may 
be that the differences in intracellular composition 
are related to the more rapid rate of growth of the 
tumors. Since regenerating liver cells grow at a 
rate which probably even exceeds that of liver tu- 
mors, it seemed of interest to investigate the intra- 
cellular distribution of nucleic acids and protein in 
regenerating liver, and to compare the composi- 
tion of these cells with that of normal and neo- 
plastic liver cells. 

Novikoff and Potter (19) found a considerable 
increase in the pentosenucleic acid content of un- 
fractionated regenerating liver during the period of 
rapid gain in weight. The maximum levels were 
found at 2-3 days after partial hepatectomy. They 
did not find any consistent change, with time, in 
the desoxypentosenucleic acid content of the liver 
after partial hepatectomy. Using an ultraviolet 
cytochemical technic, Stowell (29) found little 
change in the nucleic acid concentration in the first 
day of regeneration, but during the second day, 
when there was rapid cell division, there was an in- 
crease in the nucleic acid concentration in the nu- 
cleolus and in the cytoplasm adjacent to the nu- 
cleus. The experiments reported here were de- 
signed to determine in which fractions of the cyto- 
plasm the changes observed by the previous au- 
thors occurred. 

For several reasons, the data have been ex- 
pressed in terms of units of constituent per cell, the 
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number of cells having been determined by count- 
ing nuclei. Brues, Drury, and Brues (3) demon- 
strated that there was no significant increase in 
the number of hepatic cells during the first day of 
liver regeneration, although the liver increased in 
weight by 50-60 per cent. It has also been shown 
that the nucleocytoplasmic ratio is different from 
normal in both regenerating (29) and hepatoma 
cells (26, 30). These types of cells also differ from 
normal liver cells with respect to size (30). Stowell 
(29) found that the increase in cell size during the 
“arly phases of regeneration is accompanied by an 
increase in the stainable fat in the cytoplasm, as 
well as a decrease in the vascular spaces -in the 
tissue. It has also been shown that there is a con- 
siderable amount of blood in the liver of a rat after 
death, and that the amount varies with the meth- 
od of killing the animal (27). Factors such as these 
indicate that there may be considerable differ- 
ences in the numbers of cells per unit weight of 
fresh liver. Hence, since we were interested in the 
changes that occurred in the average liver cell, it 
was felt that it was better to express the results in 
terms of units per nucleus than in terms of fresh or 
dry weight of tissue. 

Studies by Boivin, Vendrely, and Vendrely (2), 
Mirsky and Ris (18), Price, Miller, Miller, and 
Weber (23), and Dounce, Tishkoff, Barnett, and 
Freer (9) have shown the advantages of consider- 
ing the nucleus as a unit in studying the desoxy- 
pentosenucleic acid content of various tissues. 
Davidson and Leslie (8) have recently applied 
this concept to biochemical studies of tissue cul- 
ture growth and have used desoxypentosenucleic 
acid as a standard of reference to reveal changes 
in the amount of other cell constituents. 


METHODS 
Male albino rats! weighing 195-215 gm. were 
fed a stock grain diet (16) ad kibitum throughout 
the experiments. The partial hepatectomies were 
performed by the method of Higgins and Anderson 


1 Obtained from the Holtzman Rat Company, Madison, 
Wisconsin. 
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(12). ‘Phe animals were killed with ether, and the 
livers were removed, weighed, and perfused with 
0.14 sodium chloride as previously deseribed 
(27). Livers from four animals were used for each 
fractionation. The pooled livers” were foreed 
through a plastic tissue mincer, homogenized in 
0.88 mM sucrose, and fractionated by differential 
centrifugation into nuclear, large granule, small 
granule and supernatant fluid fractions, as pre- 
viously described (20, 22, 24). Each fraction and 
the unfractionated homogenates were analyzed for 
nucleic acids (25) and protein nitrogen (32). The 
protein was prepared for digestion by precipitation 
with 10 per cent trichloroacetic acid, followed by 
washing the precipitate twice with 5 per cent 
trichloroacetic acid, twice with cold 95 per cent 
ethanol, 3 times with hot 3-1 ethanol-ether, once 
with cold ethyl ether, and then by drying at room 
temperature. Nuclei in the unfractionated ho- 
mogenate were enumerated with a hemocytometer 
by the method previously described (23). ‘The 
counts were made independently by two persons, 
and, if necessary, they were repeated until a dif- 
ference of less than 5 per cent was obtained. 
Blocks of all livers were fixed in Zenker’s and 
Mossman’s fixatives (11). The fixed tissues were 
imbedded in paraffin, sectioned, and stained with 
hematoxylin and eosin (14). Homogenates were 
fixed in Helly’s fixative (14), as previously de- 
scribed (23), and stained by the Feulgen technic 
(14). Three separate groups of animals were used. 
The livers of the rats of the first group were 
fractionated 1, 2, 3, 4, 7, and 23 days after partial 
hepatectomy. The livers of the second group were 
fractionated after 1, 2, 3, 4, 6, and 8 days of regen- 
eration. The livers of the third group were not 
fractionated, but the whole homogenates were 
analyzed for nucleic acids. Two homogenates of 
the livers of the third group of animals were pre- 
pared, one in the sucrose medium, and the other 
in 1 per cent citric acid. The latter homogenate 
was used only for the enumeration of nuclei, and 
the values were compared with those obtained in 
the sucrose homogenates, since it has been shown 
that nuclei treated with citric acid are very resist- 
ant to fragmentation (17, 28), and it is possible 
that the nuclei of regenerating liver cells might be 
more fragile than those of normal liver. These ani- 
mals were killed after 1, 3, 3, 1, 2, 3, 4, 6, and 8 
days of regeneration. The results obtained in the 
two series of fractionations were in good agree- 
ment, and those of the second series will be pre- 
sented in detail. 

The data for tumor tissue were taken from a 
previous publication (24) and recalculated on the 
assumption that the tumors contained 10.0 & 10-” 
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gin. of desoxypentosenucleic acid in the average 
nucleus; this figure was found in unpublished ex- 
periments.’ In converting tumor protein to pro- 
tein nitrogen, the tumor proteins were assumed to 
contain 16 per cent of nitrogen. The errors intro- 
duced by these assumptions are probably insignifi- 
cant in comparison with the great differences be- 
tween the tumor cells and the normal liver cells. 
RESULTS 

Nuclei per gram of liver.—The control livers 
contained 131,000,000 nuclei per gram of fresh 
tissue (Fig. 1). This is in good agreement with the 
data of Price, Miller, Miller, and Weber (23), and 
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Fic. 1.—Changes in the numbers of nuclei found per gram 


of fresh liver during regeneration. In this and all subsequent 
figures each point represents a pool of 4 rat livers. 


with those of Brues, Drury, and Brues (3) for nor- 
mal rat liver. The number of nuclei was reduced 
to 98 million per gram after 1 day of regeneration, 
increased rapidly during the next 3 days to a 
maximum of 183 million, and then fell to 153 mil- 
lion by the eighth day. In the first experiment it 
was found that by the 23d day the number of nu- 
clei per gram of fresh tissue equaled that of the 
controls. These changes in the numbers of nuclei 
are in agreement with data recalculated from 
Landing, Seed, and Banfield (13) for correspond- 
ing periods of time after partial hepatectomy. 
The changes in the weight of the average cell are 
probably due in large part to the variations in fat 
content and in the size of cells which have been 
shown to occur during regeneration (29). Such 
alterations in fat were readily apparent during the 
differential centrifugations, which brought a layer 
of fat to the top of the tubes. The thickness of this 


2 A. K. Laird and J. M. Price. Unpublished data. 
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layer decreased after the first day, until by the 
fourth day essentially no fat was visible. 

The numbers of nuclei found in the sucrose and 
citric acid homogenates were in good agreement 
in all cases. In addition, it was not possible to 
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Fic. 2.—Desoxypentosenucleic acid content of the average 
nucleus at various times after partial hepatectomy. It should 
be noted that in this curve the ordinate starts at 8 units. 


demonstrate Feulgen-positive particles other than 
nuclei in the fixed and stained homogenates of 
either normal or regenerating livers. In every case 
the desoxypentosenucleic acid of normal and of 
regenerating liver was found exclusively in the nu- 
clear fraction. For these reasons it was felt that 
few, if any, nuclei were broken during homogeni- 
zation. 

Desoxypentosenucleic acid per nucleus.—At 1 
day after partial hepatectomy, the desoxypentose- 
nucleic acid content of the average nucleus had 
increased from a level of 10.0 to 18.3 K 10-” gm. 
per nucleus (Fig. 2). In the third experiment, when 
the desoxypentosenucleic content of the average 
nucleus was determined at 6, 12, 18, and 24 hours 
after partial hepatectomy, it was found that the 
earliest significant increase was at 12 hours, and 
the points for 12, 18, and 24 hours fell on a straight 
line. During the next 2 days there was a remark- 
able decrease in the amount of desoxypentosenu- 
cleic acid per nucleus, and by the 23d day the nor- 
mal level was reached. Essentially the same results 
were obtained in the other two experiments, ex- 
cept that the values for 1 day were not quite as 
high, falling between 15 and 16 X 10-” gm. per 
nucleus. 

It is of interest that in normal rat liver and in 
rat liver tumors induced by 4-dimethylaminoazo- 
benzene Mark and Ris (15) found that nuclei of 
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similar size contained the same amounts of desoxy- 
pentosenucleic acid. Laird and Price? and Cun- 
ningham et al. (7) have likewise found that various 
liver tumors and liver nuclei contain the same 
amount of desoxypentosenucleic acid. 

It must be emphasized that the values obtained 
in this study represent the desoxypentosenucleic 
acid content of an average nucleus, and that be- 
cause of polysomaty this is an intermediate value 
depending on the number of nuclei in each size 
class. 

Protein nitrogen.—After 1 day of regeneration, 
the protein nitrogen of the average cell increased 
by about 17 per cent, largely because of increases 
in the nuclear and small granule fractions (Fig. 3). 
During the next 3 days the protein nitrogen fell to 
about 68 per cent of that of the normal livers. The 
largest decreases occurred in the large and small 
granules, where the levels at 4 days were about 
one-half of those of the normal livers. The nitrogen 
content of the supernatant fluid fraction also de- 
creased, but not until after the third day. Only 
the nuclear fraction contained more protein nitro- 
gen at all times during regeneration than was 
found in the corresponding fraction of the normal 
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Fic. 3.—The intracellular distribution of protein nitrogen 
in normal and regenerating liver compared with that of tumors 
induced by 4-dimethylaminoazobenzene. The dashed line 
designated “Sum of Fractions’’ represents the sum of the 
amounts of protein nitrogen found in the four fractions, and 
approximates the curve for the unfractionated tissue oF 
‘‘Homogenate’’ according to the completeness of the recover- 
les. 


liver. After 8 days of regeneration the other frac- 
tions all contained subnormal levels of protein 
nitrogen. By the 23d day all of the fractions were 
normal with respect to nitrogen content, except 
for the nuclear fraction, which was about 16 per 
cent above normal. The dashed line in Figure 3 
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represents the sum of the amounts of protein in 
the fractions. 

The tumor cells, which are much smaller than 
the normal and regenerating liver cells (30), con- 
tained only about 23 per cent as much protein 
nitrogen as the normal liver cells, and only 34 per 
cent as much as regenerating liver cells at the 
point of minimum nitrogen content. The nuclei 
and large granules, however, contain about 55 
and 6 per cent, respectively, as much nitrogen per 
cell as normal liver. The nuclei and large granules 
contained 40 and 12 per cent as much nitrogen, 
respectively, as the same fractions of regenerating 
liver cells 4 days after hepatectomy. Thus, the 
average tumor cell contained much less protein 
nitrogen than the average liver cell, either normal 
or during regeneration, and the relative amounts 
in the various fractions were quite different. This 
was particularly true of the large granule fraction, 
which was very low in protein nitrogen in the 
tumor tissue. 

Pentosenucleic acid distribution.—The pentose- 
nucleic acid content of the various fractions is 
shown in Figure 4. The pentosenucleic acid in the 
average liver cell increased by about 62 per cent 
in the first day of regeneration. In another experi- 
ment, it was found that this increase started 12 
hours after partial hepatectomy, at the same time 
that the desoxypentosenucleic acid started to in- 
crease. This increase in pentosenucleic acid was the 
result of increases in the pentosenucleic acid of 
each fraction, but the increase in the small gran- 
ules and supernatant fluid was much greater than 
in the other two fractions (93 and 125 per cent, 
respectively). The total pentosenucleic acid re- 
mained high on the second day, and then fell 
rapidly to almost normal by the sixth day. There 
was a slight rise in the pentosenucleic acid in the 
three particulate fractions between the sixth and 
eighth days. This increase was not observed in the 
first experiment in which analyses were made at 4 
and 7 days, and after 23 days the levels were just 
slightly above the control values. It is of interest 
that the large granules changed very little with 
respect to pentosenucleic acid content during re- 
generation. The pentosenucleic acid content of the 
nuclei reached a peak after 3 days, and did not 
return to normal by the eighth day. The small 
granules and supernatant fluid curves were very 
similar, and accounted for most of the alterations 
in pentosenucleic acid content. The dashed line in 
Figure 4 represents the sum of the amounts of 
pentosenucleic acid in the four fractions. 

Although the average tumor cell contained only 
about 36 per cent as much pentosenucleic acid as 
the average liver cell, the supernatant fluid frac- 
ion of the tumor cells contained slightly more of 


this component than normal liver cells. It was pre- 
viously observed that this fraction of tumor tissue 
was particularly rich with respect to pentosenu- 
cleic acid (24). The nuclear fraction of tumors was 
likewise high in pentosenucleic acid content. When 
the data were calculated in terms of the amount 
per nucleus, however, it was apparent that the 
average tumor nucleus contained less of this nu- 
cleic acid than the average normal liver nucleus 
(Fig. 4). The pentosenucleic acid contents of the 
large and small granules of tumor tissue were very 
low (24), and the difference between normal liver 
and tumor tissue was much greater when the data 
were related to the nucleus as a unit (Fig. 4). 
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Fic. 4.—Distribution of pentosenucleic acid in normal and 
regenerating liver and in the liver tumors. 


Ratio of pentosenucleic acid to protein nitrogen.— 
The ratio of pentosenucleic acid to protein nitro- 
gen was greatly increased in all the fractions dur- 
ing regeneration (Fig. 5). This increase resulted 
from increases in the pentosenucleic acid and, after 
the first day, from decreases in the nitrogen con- 
tent of the fractions. The ratios increased 109 per 
cent in the supernatant fluid by the first day and 
69 per cent in the small granules by the second 
day. The ratios for the nuclei and large granules 
increased 42 and 93 per cent, respectively, on the 
third day of regeneration. Largely as a result of 
the incomplete return of protein nitrogen to nor- 
mal by the eighth day, these ratios were elevated 
at this time. After 23 days, however, the ratio of 
pentosenucleic acid to protein nitrogen had re- 
turned to the control levels. 

It was of interest that the ratio of pentose- 
nucleic acid to protein nitrogen in the nuclear 
fraction and in the small granules was essentially 
the same in normal liver and tumor tissue. The 
same ratio in the large granules of tumor tissue 
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was between that of normal and the maximum 
attained in regenerating liver, while that of the 
supernatant fluid was 62 per cent higher than the 
maximum ratio reached in the same fraction of 
regenerating liver. This ratio in the supernatant 


fluid of the tumor is about 4 times that of the nor- 


mal livers. 
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Fic. 5.—Ratio of pentosenucleic acid to protein nitrogen 
in normal and regenerating liver and in the liver tumors. 


The increases in the ratios of pentosenucleic 
acid to protein nitrogen are in agreement with the 
results of Stowell (29), who used an ultraviolet 
absorption technic on individual cells. He noted 
an increase in the concentration of nucleic acid in 
the nucleolus shortly before there was a significant 
increase in the cytoplasm. 

Comparison of the two methods of expressing the 
data.—Figure 6 shows the pentosenucleic acid in 
the homogenate and in the cytoplasmic granules 
expressed as units per nucleus and units per gram 
of fresh tissue. The scales are adjusted so that the 
comparable curves start at the same ordinate. The 
amount of pentosenucleic acid per average cell 
reached a maximum 1 day after partial hepatec- 
tomy, while the amount per gram of fresh tissue 
did not attain a maximum until after 3 days. The 
pentosenucleic acid per nucleus fell rapidly after 
2 days, and by the sixth day had returned to essen- 
tially normal levels. At 6 days there was still a 
significant elevation of pentosenucleic acid on a 
fresh weight basis. There was likewise a great dif- 
ference in the pentosenucleic acid contents of the 
cytoplasmic granules when the two methods of 
expressing the data were used. In the large gran- 
ules the curves sloped in opposite directions dur- 
ing the first 4 days of regeneration. In the small 
granule fraction the biggest difference was in the 
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time at which the maximum levels were reached, 
for the curves have roughly the same shape. 

The most striking difference in the two methods 
of expression of the results was in the desoxypen- 
tosenucleic acid content of the nuclear fraction. 
During regeneration the desoxypentosenucleic 
acid content of a gram of fresh liver varied between 
1.72 and 2.20 mg., with the maximum 4 days 
after the operation. In agreement with the obser- 
vations of Novikoff and Potter (19), there was no 
evident relationship between the amount of des- 
oxypentosenucleic acid in the fresh tissue and the 
period of regeneration. When the data were calcu- 
lated with the nucleus as a unit, however, it was 
found that the average nucleus increased its 
desoxypentosenucleic acid content by 83 per cent 
before any evidence of increase in mitosis was 
found, and the subsequent period of rapid cell 
division coincided with a rapid fall in the desoxy- 
pentosenucleic acid per nucleus (Fig. 2). 

Even more important in this regard was the 
comparison of the results of one experiment with 
another. Thus, when the results obtained with the 
second group of animals were compared on a fresh 
weight basis with those of the first group, the cor- 
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Fic. 6.—The pentosenucleic acid in the homogenate and 
cytoplasmic granules expressed as units per nucleus (left) 
and as units per gram of fresh liver (right). The scales were 
adjusted so that the curves started at the same ordinates. 
The other two fractions were omitted to preserve clarity and 
to facilitate comparison. 


respondence was not nearly as good as when com- 
pared on a cell basis. This is readily explained by 
the differences in the numbers of nuclei per gram 
of fresh liver in the two groups of rats at corre- 
sponding times after the hepatectomies, appar- 
ently from variations in the amount of fat, cell 
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size, and similar factors. These variables are elim1- 
nated by using the nucleus as a unit of tissue. 

Since rat liver contains at least 20 per cent binu- 
cleate cells (1, 4), one should not, strictly speak- 
ing, interchange the terms “‘cell” and “nucleus.” 
However, Beams and King (1) were of the opinion 
that the binucleate cells of rat liver arise as the 
result of the failure of cytokinesis, and thus might 
be considered to be essentially the equivalent of 
two single liver cells in size and composition. Thus, 
it appeared that it was permissible to substitute 
“cell” for ‘‘nucleus” in certain instances for the 
sake of clarity, especially if the cell is thought of 
as a nucleus and its associated cytoplasm. How- 
ever, due to the presence of polysomaty a sig- 
nificantly high percentage of rat liver cells (1, 31) 
will be larger than the diploid cells, and the aver- 
age value of constituent per cell will be somewhat 
higher than the value for diploid cells. 

Sham-operated controls.—One group of four ani- 
mals was subjected to a laparotomy without the 
removal of any liver. Three days later the livers 
were fractionated and analyzed. The data were in 
good agreement with the data obtained from the 
control animals. The laparotomy apparently had 
a negligible effect on the results obtained. 

Rate of regeneration.—Several rats were sub- 
jected to partial hepatectomy, immediately killed, 
and the remainder of the liver removed. The pro- 
portion of the liver removed by partial hepatec- 
tomy was found to be in good agreement with the 
results of other investigators (3, 13), which in- 
dicate that about two-thirds of the organ was 
removed. The rate of return of the liver to its pre- 
operative weight was found to be in good agree- 
ment with the results of Novikoff and Potter (19), 
who used the same strain of rats and the same 
diet. Our results also confirmed the findings of 
Brues, Drury, and Brues (3) and Landing, Seed, 
and Banfield (13), who found that the liver 
regained its weight more rapidly than it regained 
its original number of cells, particularly during 
the first day after hepatectomy. 

Histological and cytological observations.—A 
loose reticulation of the cytoplasm of many of the 
parenchymal cells was noted as early as 6 hours 
after hepatectomy. After 48 hours the reticulum 
was much denser, and minute basophilic particles 
were observed; concurrent with this change there 
was observed a localization of the cells so affected 
to the periphery of the lobule. In extreme cases 
the cells appeared quite empty, and only a rim of 
cytoplasm remained. This appearance of the cells 
and their localization within the lobule persisted 
in some livers as late as the eighth day after 
hepatectomy. 

Mitoses were not observed up to and including 
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24 hours after hepatectomy; they reached a maxi- 
mum frequency during the second and third days, 
and gradually became less numerous thereafter. 
During the first 24 hours the nuclei had a normal 
interphase appearance; later, all stages of mitosis 
could be seen. 

Nuclei were classified according to size, in sec- 
tions of control livers and of regenerating livers 
taken 24 hours and 48 hours after hepatectomy. 
It was found that about 33 per cent of the nuclei in 
control livers were of size classes larger than that 
corresponding to the diploid cells: of these only 
(—4 per cent were of a size class corresponding to a 
level of polyploidy higher than tetraploid nuclei. 
In the 24-hour regenerating livers the percentage 
of large nuclei had risen to about 68 per cent, of 
which about 15 per cent were of a size class larger 
than the tetraploid. In the 48-hour livers the pro- 
portion of large nuclei had fallen almost to the con- 
trol level. This increase in nuclear diameter agrees 
with the findings of Stowell (29). It is associated 
with the increase in nuclear size which occurs dur- 
ing prophase, rather than with polysomaty, since 
the nuclear diameters return toward the normal 
control value during the second 24 hours. It is of 
interest that the polyploid cells normally present 
in rat liver appear to share in the regenerative 
process. This is suggested by the finding that in the 
livers taken at 24 hours there was a sharp increase 
in the proportion of cells belonging to a size class 
larger than that corresponding to the tetraploid 
condition. 

Cytoplasmic inclusion bodies were found in all 
livers during the first 48 hours after partial hep- 
atectomy (Figs. 7 and 8). These bodies were 
round in section and variable in size, many reach- 
ing twice the diameter of the hepatic nuclei; in 
most cases they were sharply delimited from the 
cytoplasm by an optically empty space which sur- 
rounded them. Within many of the extremely large 
bodies found at 24 hours after hepatectomy, small, 
sharply defined, clear, yellowish vacuoles could 
be seen; these were not observed in sections taken 
before 24 hours. 

To some extent the bodies took most of the 
stains tried, but in sections stained with hema- 
toxylin and eosin they were clearly eosinophilic, 
and following the Gram stain they took the saf- 
ranin counterstain very strongly. When stained 
with aniline acid fuchsin and methyl blue (6) fol- 
lowing Regaud’s fixative or picro-formol-acetic 
acid, they took the red stain in the center and the 
methyl blue in the periphery. They were present 
and comparable in appearance following fixation 
with Zenker-formol, picro-formol-acetic acid, 
Mossman’s and Regaud’s fixatives (11, 14), with 
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or without previous perfusion with physiological 
saline. They were Feulgen negative. 

These structures were observed as early as 6 
hours after hepatectomy; they reached maximum 
frequency at 24 hours, and had disappeared almost 
completely 48 hours after hepatectomy. In order 





Fic. 7.—Liver removed 24 hours after partial hepatectomy. 
The numerous cytoplasmic inclusion bodies are distributed 
apparently at random throughout the lobules. (Picro-formol- 
acetic acid fixation, analine acid fuchsin-methy]! blue stain.) 
Mag. X150. 


to rule out the possibility that the cytoplasmic in- 
clusions were specific for the Holtzman strain of 
rats, livers of rats of the Long-Evans?’ and Sher- 
man? strains were examined, and all were found to 
contain the bodies during the early regenerative 
period. 

These intracytoplasmic structures are appar- 
ently similar to those described by Gurd and Vars 
(10), but these authors found them only in necrotic 
livers, whereas in the present series no gross or 
microscopic evidence of necrosis was found. 


DISCUSSION 

During the first 24 hours after partial hepatec- 
tomy the average liver cell showed an increase of 
83 per cent in its desoxypentosenucleic acid con- 
tent, while its pentosenucleic acid and protein 
nitrogen increased by 62 and 17 per cent, respec- 
tively. Since, by microscopic examination, divid- 
ing cells are first found soon after this time, it 1s 
probable that the cells doubled their desoxypentose- 
nucleic acid and doubled their pentosenucleic 
acid in the small granule and supernatant frac- 


3 Obtained from Rockland Farms, New City, New York. 
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tions before dividing. As the cells divided, the nu- 
cleic acids were distributed among the daughter 
cells, and these new cells were never appreciably 
deficient in nucleic acids. The large granules in- 
creased relatively little in pentosenucleic acid be- 
fore the division of cells took place but did not de- 
crease appreciably during the rapid cell division, 
It would appear, therefore, that this fraction of 
the cell, unlike the other two cytoplasmic frac- 
tions, produced its pentosenucleic acid very near 
to or during the time of cell division, and then ata 
rate which was almost proportional to the rate of 
mitosis. This fraction of the cell appeared to lag 
behind the small granule and supernatant fluid 
fractions in pentosenucleic acid production. The 
average nucleus contained gradually increasing 
amounts of pentosenucleic acid until the third day, 
when the concentration of the latter started to 
return toward normal. 

It was of interest that the increases in both nu- 
cleic acids started at about 12 hours after partial 
hepatectomy, and both reached maximum levels 
only 12 hours later. The numbers of cells in the 
livers did not double until between 24 and 48 hours 
after these maximum levels of nucleic acid were 
reached. 





Fic. 8.—High power view of same liver shown in Figure 7, 
showing vacuoles within one of the bodies. Mag. 360. 


The fact that the nucleic acids increased to such 
high levels in the average cell before division 
started is an indication that most of the paren- 
chymal cells begin the process of division at the 
same time. This would suggest the possibility of a 
humoral mechanism for the initiation of mitosis. 
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Bucher. Seott, and Aub (5) obtained evidence for 
a blood-borne mechanism for control of liver cell 
mitoses when they found an increased rate of mi- 
tosis in the nonoperated parabiotic partner of a 
partially hepatectomized rat. 

The rapid increase in pentosenucleic acid was 
not matched by the rate of protein nitrogen syn- 
thesis. There was an increase, in the first day, of 
17 per cent, but thereafter the protein nitrogen 
content of the average cell fell rapidly to 68 per 
cent of normal by the fourth day. Thus, the aver- 
age cell maintained its nucleic acid level at normal 
or above, while its protein nitrogen was not sus- 
tained. Between 8 and 23 days after partial hep- 
atectomy the normal quantity of protein nitro- 
gen in the average cell was restored. 

The tumor cells are small compared to the nor- 
‘mal or regenerating liver cells, so it was not sur- 
prising to observe the low levels of protein nitro- 
gen and pentosenucleic acid in these cells. Calcu- 
lation on a cellular basis, however, made possible 
some interesting comparisons. Thus, the average 
liver tumor cell had as much desoxypentosenu- 
cleic acid in its nucleus and as much pentosenu- 
cleic acid in its supernatant fluid as the normal 
liver cell. It was previously found that the pentose- 
nucleic acid content of the supernatant fluid of 
liver tumors induced by 4-dimethylaminoazoben- 
zene was relatively high (24). However, when the 
data are converted from units per gram of fresh 
tissue to units per cell it would appear that it is 
not elevated, but rather that all other fractions 
are exceedingly low, particularly the cytoplasmic 
granules. 

The relative amounts of protein nitrogen and 
pentosenucleic acid in the various fractions of the 
neoplastic cells studied were quite different from 
either normal or regenerating liver. Therefore, it 
appears that we have three distinct tissues, and the 
neoplastic cells do not possess their peculiar com- 
position merely because it is the optimum condi- 
tion for rapid growth. The differences among the 
three types of tissue were also manifested in the 
ratio of pentosenucleic acid to protein nitrogen, 
where the nuclear and small granule fractions of 
tumor cells had ratios similar to normal liver. The 
large granule fraction had a ratio between that of 
‘the normal and the regenerating liver, while the 
tumor supernatant had a ratio 62 per cent higher 
than the regenerating tissue. Thus, none of the 
tumor fractions had lower ratios of pentosenucleic 
acid to protein nitrogen than the normal liver, and 
two fractions were higher. 


SUMMARY 


1. Homogenates of regenerating rat livers were 
separated by differential centrifugation into nu- 


657 








clear, large granule, small granule, and superna- 
tant fluid fractions at various times in the first 
8 days and at 23 days after partial hepatectomy. 
The original homogenate and the fractions were 
analyzed for protein nitrogen and nucleic acids. 
The nuclei in the homogenates were enumerated 
and the data expressed in terms of units per nu- 
cleus. Previous results on liver tumors (induced by 
4-dimethylaminoazobenzene) were recalculated in 
terms of units per nucleus for comparison with 
normal and regenerating livers. 

2. There were 131 million nuclei in a gram of 
normal liver. On the first day of regeneration there 
was a minimum of 98 million and at 4 days a maxi- 
mum of 183 million nuclei per gram, and there- 
after the number gradually returned to normal. 

3. The desoxypentosenucleic acid in the aver- 
age nucleus increased from 10.0 to 18.3 & 10~” gm. 
per nucleus between 12 and 24 hours after partial 
hepatectomy, and thereafter returned rapidly 
toward normal as cell division started. 

4. In the first day the protein nitrogen of the 
average cell increased by 17 per cent and then 
fell to 68 per cent of normal by 4 days. The mitial 
increases occurred in the nuclear and small gran- 
ule fractions, and later decreases were noted in all 
the cytoplasmic fractions. By the eighth day all 
three cytoplasmic fractions contained subnormal 
amounts of protein nitrogen, but by the 23d day 
these had all returned to normal levels. The 
smaller tumor cells contained only 23 per cent as 
much protein nitrogen as the average normal liver 
cells, and the distribution in the cell was different 
from that in either normal or regenerating liver 
cells. 

5. The average liver cell increased its pentose- 
nucleic acid by 62 per cent between 12 and 24 
hours after partial hepatectomy, as a result of an 
approximate doubling of this nucleic acid in the 
small granule and supernatant fluid fractions. In 
the period between 2 and 6 days the pentosenu- 
cleic acid content of the average cell fell to normal, 
with the greatest decrease in the same two frac- 
tions. The nuclear fraction reached a maximum 3° 
days after the operation, and the large granules 
changed relatively little during regeneration. The 
average tumor cell contained only 36 per cent as 
much pentosenucleic acid as the average normal 
liver cell, but the supernatant fluid of these tumor 
cells had a normal level of this nucleic acid. 

6. As a result of increases in pentosenucleic 
acid during the first 2 days and decreases in pro- 
tein nitrogen during the next 4 days, the ratio of 
pentosenucleic acid to protein nitrogen was in- 
creased in all fractions during rapid growth. In 
tumor cells these ratios were normal in the nuclear 
and small granule fractions, were elevated about 
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half as much as regenerating liver in the large 
granules, and exceeded regenerating liver in the 
supernatant fluid. 

7. The advantages of reporting the data in 
terms of units per nucleus are emphasized. 

8. Acidophilic cytoplasmic inclusion bodies 
were found in all regenerating livers about 1 day 
after partial hepatectomy; they were no longer ob- 
served 2 days after the operation. 
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